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ABSTRACT
Connor, John Michael. M.S. The University of Memphis. December 2011.
Experimental Kinematic Analysis of Cadaver Knees Using a Knee Simulator and
Surgical Navigation System. Major Professor: Dr. John L. Williams, Ph.D.
The objective of this thesis was to develop and implement a methodology to
enable knee kinematics to be studied during an in vitro simulated squat. As an application
of the methodology, it was used to examine the null hypothesis that a knee with a
posterior cruciate ligament (PCL) retaining total knee arthoplasty (TKA) would show no
differences in kinematics compared with a PCL sacrificing TKA. A surgical navigation
system was used in combination with a knee simulator; and algorithms were developed to
calculate knee kinematics from motion capture data and bone and implant landmarks.
The methodology employed in this study produced kinematics for two knees obtained
post-mortem from two primary TKA subjects. The results demonstrated differences in
kinematics between the two knees with different TKA designs that were corroborated by
published in vitro and vivo studies of the same implant designs.
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CHAPTER ONE
INTRODUCTION WITH LITERATURE REVIEW
Osteoarthritis is a disease that affects nearly 27 million people in the United
States alone.1 This number is expected to increase to 67 million by the year 2030.2
There are many suspected causes of the disease but the main one is simply aging. With
increased age cartilage can wear down, causing joint pain and a decreased quality of life.
There is no known cure for osteoarthritis; instead, there are ways to alleviate the
symptoms. When severe and painful osteoarthritis occurs in the knee, a total knee
arthroplasty (TKA) can be performed, where the surgeon resects the tibia and femur and
implants a knee prosthesis. By 2030 the number of TKAs performed in the United States
is expected to increase by as much as 600% from an annual rate of approximately
400,000 in 2005.3 While TKA provides effective relief from arthritic pain and can
improve the overall quality of life, TKA patients complain of limitations in function more
often than their age-matched peers.4 Unexplained pain following TKA and instability
have been shown to be major causes of early implant failure.5,6 Unexplained pain is
believed to be secondary to knee instability which is thought to be a consequence of
improper soft tissue balancing.
The premise of the current study is that examining post-mortem stability (laxity)
and kinematics of TKA knees from subjects with apparently well-functioning TKAs may
lead to increased understanding of the characteristics that contribute to successful TKA
outcomes. A knee simulator was used in conjunction with a surgical navigation system to
measure knee laxity and kinematics during passive knee flexion-extension and during a
simulated squat in two retrieved TKA knees.
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KNEE TESTING RIGS
There have been several different types of knee testing rigs developed for past
studies.7-17 These rigs can be broadly classified into the categories: open chain, closed
chain, and with or without feedback control. A closed chain rig is one where the
connection of links of a mechanical model representing the knee specimen and
components of the machine are in a continuous loop.
A closed chain configuration would be an open chain until the knee specimen is
loaded in, closing the loop; an example would be a rig where the specimen is attached at
the hip and the ankle.7-12, 14-17
Feedback control refers to the ability of the machine to change its own test
conditions when certain values are reached. This is an advantage of robotic knee rigs that
is missing in manually operated rigs.15, 16, 17
The “Purdue Knee Rig” was first described in 1978 and eventually became the
“Kansas Knee Simulator”.10, 11 The hip sled was allowed to translate vertically and flex.
An actuator applied force to the quadriceps tendon. The ankle sled allowed three rotations
at the ankle joint and could move in the medial/lateral direction. There were actuators at
the sled to place moments at the ankle and knee joints. Each actuator on the machine had
a feedback mechanism for load and displacement control. The “Oxford Rig” design has
been used as a template for many simulators.7, 8, 9 This design had three rotations at the
ankle and two rotations at the hip. The hip assembly also had the capability for vertical
displacement. The simulator used in the current study is closest to the closed chain rigs
without feedback control.7, 8, 9, 14 All of the rigs used have the basic premise of allowing
or controlling flexion/extension so other kinematic data can be acquired during the cycle.
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This is the idea behind most knee testing rigs, which have been used for years for studies
like the current one.

KNEE JOINT LAXITY
Tibiofemoral instability is one of the leading causes of failure in total knee
arthroplasty.18 If the ligaments and soft tissues are not balanced after surgery the patient
may experience loosening of the joint which may lead to wear and other problems. Knee
laxity is something that a surgeon may test intraoperatively to get an idea of how well the
soft tissues are balanced. Knee laxity has been measured in cadaver knees. The idea of
most laxity studies is to put the knee under a small amount of axial loading (30 Newtons)
and measure knee laxity at varying flexion angles. To test varus/valgus laxity, for
example, one would apply a known range of varus/valgus torque to the joint and record
the resulting angles. In most previous studies several conditions were different: length of
tibia and femur, amount of body weight used, flexion angles tested, and range of
force/torque used.19- 24 Tibia and femur length seemed to range from 175 mm to 300 mm.
Some studies had equal lengths while others had slightly different lengths of the tibia and
femur. Amount of body weight ranged from none to 224 Newtons. Some studies
measured knee laxity at every 30° of flexion, others every 15°. The ranges of load tested
also varied greatly. There was a range from 5 to 45 N-m varus/valgus torque, 1.5 to 10 Nm internal/external rotational torque, and 35 to 70 N anterior/posterior force.
The other aspect of all the studies that was different was the purpose. Most
studies started with an intact knee and sequentially excised soft tissue structures,
measuring knee laxity along the way. The one thing that all of the studies have in
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common is that none of them examined knees with implants after healing and many years
of use, which is what sets the current study apart.

ARTHROTOMY WOUND CLOSURE
The term knee arthrotomy refers to the surgical opening of the knee joint for
surgery. After a total knee arthroplasty the surgeon will close the wound using whatever
configuration he sees fit. There have not been many studies on the effect of this wound
closure on joint laxity. Some have studied the invasiveness of the procedure while others
have examined the effects of different suture materials.25, 26 In the current study the
wound closure techniques will be varied and the biomechanics measured in comparison
to the healed, implanted knee. The reason for this is to provide some insight into whether
or not wound closure configuration has an effect on a patient’s joint kinematics,
something that has not previously been studied.

KNEE KINEMATICS
Videofluoroscopy is one common way of reporting kinematics; an advantage is
that it can be done on living patients as well as cadavers. It involves taking x-rays of the
knee joint during flexion. The x-rays can then be used along with 3-D CAD models of the
metal implant components to determine the components relative positions at discrete
angles of knee flexion. A motion algorithm can be applied that will calculate the resultant
rotations and translations. The normal knee exhibits posterior translation (rollback) of the
femur during flexion. Many of these fluoroscopic studies have found that the kinematics
of a post-TKA knee differ from those of the normal knee. Specifically, the studies show
that after initial moving posteriorly, the femur exhibits anterior motion with respect to the
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tibia between 20-40 degrees of flexion.12, 27- 34 This is referred to as “paradoxical anterior
motion” of the femur with respect to the tibia.35

KNEE IMPLANTS
There are many options for a surgeon to choose from when selecting a knee
prosthesis. Two of these options are a cruciate-retaining (CR) and a cruciate-sacrificing,
otherwise known as a posterior stabilized (PS). In both types of implants the anterior
cruciate ligament is sacrificed. The CR retains the patient’s posterior cruciate ligament
(PCL), while the PS sacrifices it and replaces it with a cam and post mechanism. The
normal PCL keeps the femur from moving too far anteriorly; the cam and post is meant to
have the same function. Most CR implants exhibit paradoxical anterior motion of the
femur relative to the tibia during knee flexion, while the posterior-stabilized (PS)
implants enforce femoral roll back once the cam engages the post. The cruciate-retaining
(CR) knee has also shown more anterior motion on the medial side than lateral side
during knee flexion.36 One characteristic of the PS knee is the more equal amounts of
anterior-posterior translation on medial and lateral sides of the knee. This leads to less
internal/external rotation than the CR knee.36

SPECIFIC AIMS
Cadaver knee studies are important to the furthering of knowledge of knee
prosthetics. One of the limitations on previous studies has been the condition of the knee
joint. Previous cadaveric kinematic studies of total knee arthroplasties have started with a
cadaver or amputee normal knee and implanted a prosthesis for testing in a knee
simulator. Since the specimen is a cadaver knee, the soft tissues are unable to heal after
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the total knee arthroplasty. The current study is unique in that it uses cadaver knees with
total knee implants from subjects who appear to have had successful outcomes and years
of use. The soft tissues surrounding the knee joint had healed and so the prosthesis in the
subject’s knee at the time of death represents a successful TKA. This retrieval cadaveric
knee study should give a more accurate representation of healed TKA knee kinematics in
cadaveric tissue than previous studies that implanted knee prostheses in cadavers. The
objectives of the current study are: (1) To develop and implement a methodology to
enable knee kinematics to be studied during an in vitro simulated squat. (2) As an
application of the methodology, to examine the null hypothesis that a knee with a
posterior cruciate ligament (PCL) retaining total knee arthoplasty (TKA) would show no
differences in kinematics compared with a PCL sacrificing TKA.
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CHAPTER THREE
MATERIALS AND METHODS
MEMPHIS KNEE SIMULATOR
BACKGROUND
The current version of Knee Machine used is essentially the same machine
patented in 1991 as a knee loading and testing apparatus and method.37 One difference in
the current machine is that there is no internal/external motion at the hip joint as
described in the patent. It also allows for greater flexion of the knee.

TIMELINE AND CHANGES MADE
When the knee machine was first brought to Memphis in June 2009 it was in
disrepair with missing parts, badly worn and corroded bearings and sliders,
malfunctioning signal conditioners, malfunctioning valves, etc. The data acquisition
system was repaired and calibrated by Roy Williams, Ph.D., a National Instruments
consultant, in November 2009 since the original cable connections and terminal box were
missing and one of the channels for the individual transducers was not functional. Paul
McLeod, the inventor of the machine, restored the various mechanical components,
including the bearings, signal conditioners, force transducers and potentiometers to
working order and helped develop tools for in-house calibration of the machine. The
curved ankle component was replaced by a linear design similar to the patent by Mr.
McLeod in August 2010 with the additional capability of allowing for increased knee
flexion beyond 90 degrees to approximately 130 degrees. The knee machine was fully
calibrated with the linear ankle and operational by the end of August 2010 (Fig. 1).
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Figure 1. Left: The Memphis Knee Simulator. The hip component allows
flexion/extension; the ankle component allows internal/external rotation,
adduction/abduction, flexion/extension, and medial/lateral, superior/inferior
translation. Right: Fig. 2 from Paul McLeod’s patent of the original simulator.
McLeod, Paul C. “Knee Loading and Testing Apparatus and Method.” US Patent
5014719. 14 May 1991. Sheet 1 of 13, Fig. 1.

HARDWARE
Cable connections on the Knee Machine (KM) provide data outputs from five
force transducers and five angle potentiometers. The force transducers are: quadriceps
force, body weight, varus/valgus force, rotational torque, and anterior/posterior force.
Each force transducer is a custom designed strain gage transducer and has a board with a
specific gain and a 2B31J amplifier (Analog Devices, Norwood, MA). Each angle
potentiometer is connected to a differential amplifier. The signals from the transducers
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and potentiometers travel to their specific boards and are amplified. They then travel
through an analog to digital converter and an input/output board to the Macintosh Quadra
650 (Apple, Inc., Cupertino, CA) computer with operating system 7.6.1. The LabView
(Version 3.1, National Instruments, Austin, TX) program for the knee machine scales the
raw signal and displays it on the computer screen.

FORCE TRANSDUCERS
The quadriceps force transducer is located above the quadriceps clamp and measures the
amount of tension on the quadriceps tendon (Fig. 2). The body weight transducer is
located on the top of the pneumatic cylinder connected to the ankle assembly arm.

Figure 2. Close up view of the hip component of the knee machine. 1) The
quadriceps force transducer. 2) The crank which controls the hydraulics of the
quadriceps force mechanism. 3) The location of the hip flexion potentiometer.
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The body weight controls are located on the front of the machine. An increase in body
weight causes the ankle assembly to move upwards and causes the knee to flex. The leg
adduction/abduction or varus/valgus (V/V) force transducer is located on the left side of
the lateral sliding bar component of the ankle assembly. It is connected to a screw which
moves the sliding ankle component laterally when locked by way of the crank located on
the right hand side of the sliding component. The V/V force transducer measures the
force to induce a change in varus-valgus angle by advancing the translation screw that
causes medial and lateral motion of the ankle block. This force is then multiplied in
LabView (Version 3.1, National Instruments, Austin, TX) by its distance to the knee
center and converted to V/V torque. The internal/external rotational torque transducer is
located on the back of the ankle box (Fig. 3). It measures the torque to induce the rotation
of the plate fixed to the tibia.
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Figure 3. A closer view of the ankle component of the knee machine. 1) Varus/valgus
force transducer. 2) Ankle box, which has the rotational angle potentiometer and
rotational torque transducer. 3) Ankle arm, which has the varus/valgus angle
potentiometer and flexion angle potentiometer.

The anterior/posterior (A/P) force transducer is located in the A/P arm attachment
that plugs into the front of the machine (Fig. 4). This transducer measures the amount of
push or pull and outputs it as A/P force.
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Figure 4. McLeod, Paul C. “Knee Loading and Testing Apparatus and Method.” US
Patent 5014719. 14 May 1991. Sheet 11 of 13, Figs. 11a & 11b. Illustrations of the
anterior/posterior arm attachment for the knee machine from Paul McLeod’s
patent. Number 330 marks the strain gage that reads the push and pull. The
potentiometer is marked by 340 and is adjusted by the knob 341. The needle pins
304 and 305 are attached to the tibia to test anterior/posterior laxity.

ANGLE POTENTIOMETERS
The amount to which the knee is flexed and extended can be changed by changing
the angle of the tibia and/or femur at the lower and upper machine joints in the knee
machine. The reading from both potentiometers goes into one board and is output as the
total flexion ankle. The hip angle potentiometer is located on the right hand side of the
flexible hip component and the ankle potentiometer is located on the right hand side of
the arm holding the ankle box (Figs. 2 & 3). The varus/valgus angle potentiometer is
located on the back of the rigid sliding component that holds the ankle box (Fig. 3). It
reads the varus/valgus angle that is brought on by the medial/lateral movement of the
rigid component. The internal/external rotation potentiometer is located inside the ankle
box (Fig. 3). It reads the rotational angle of the rotation plate to which the ankle end of
12

the tibia is attached. The last potentiometer is for anterior/posterior (A/P) displacement
and is located in the A/P arm attachment. The LabView program outputs A/P
displacement purely as a function of flexion angle and tibia length, so the only purpose of
this potentiometer is to zero out the displacement value when it becomes saturated after a
large change in flexion angle.
CALIBRATION
The knee machine was calibrated by isolating each transducer or potentiometer
and applying either a known force standard or a known displacement. The specific
calibrations are described in detail in Appendix A.

KNEE TESTING
SPECIMEN INFORMATION
Two knee specimens were obtained from the Medical Education and Research
Institute (MERI, Memphis, TN, 38104). Specimen 531R was a right knee and implanted
with a Smith & Nephew (Memphis,TN) Genesis II cruciate retaining implant, consisting
of a titanium alloy tibial baseplate, ultra high molecular weight polyethylene tibial insert,
cobalt chromium femoral component and an ultra high molecular weight polyethylene
resurfacing patellar implant. Both the tibial baseplate and femoral component had nonporous surfaces and were cemented. The baseplate had an anterior lip under which the
tibial insert was slid into place. The insert had a notch anteriorly on the eminence due to
contact with the patella, and also showed wear in the anterior portion of the medial
plateau. The patella was circular in shape and showed a dimple of wear superior to the
center. Specimen 721R was also a right knee and was implanted with a Stryker (Stryker
Howmedica Osteonics Corp., Mahwah, NJ) Scorpio posterior stabilized implant. The
13

implant had a cobalt chromium femoral component, titanium tibial baseplate, ultra high
molecular weight polyethylene tibial insert, and an ultra high molecular weight
polyethylene medialized polyethylene patella. The femoral component and tibial
baseplate were cemented. The tibial insert had an anterior locking ring that mated with
the baseplate. The patella was oblong, asymmetric on the lateral side, and had a wear
stripe in the medial/lateral direction. At the time of retrieval it was noted that both
implants were well-fixed (Fig. 5).

Figure 5. Retrieved implants after testing the knees in the knee simulator. The
Scorpio posterior-stabilized is on the left, the Genesis II cruciate-retaining is on the
right. The posterior-stabilized implant has a post on the insert that interacts with
the cam on the femoral component, taking the place of the posterior cruciate
ligament. The cruciate retaining implant has no cam/post mechanism and has space
on both components for the retention of the posterior cruciate ligament.
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The specimens were removed from the cadavers by cutting the tibia and femur to lengths
of 180 millimeters from the knee joint center. The skin and soft tissues were dissected,
leaving the necessary amount at the knee joint, including the patellar tendon. The
specimens were fixed into aluminum bone cups using three set screws with sharpened
tips for each bone. The specimens were then potted in the bone cups with R1 Fast Cast
urethane casting resin (Goldenwest, Cedar Ridge, CA).

LAXITY TESTING
One of the functions of the knee simulator is to measure the laxity or, conversely,
the stiffness of the knee at various knee flexion angles. For this purpose the knee was
held at a fixed flexion angle and a pre-determined force or torque was applied at the tibial
end while the resulting displacement or rotation was recorded. In this study the knee
flexion angles used for the laxity tests were: full extension, 30°, 60°, and 90°. For the two
knees in this study full extension for both knees was at 7°.Three laxity tests were
performed at each fixed flexion angle: internal/external rotation, varus/valgus angle, and
anterior/posterior displacement with the proximal end of the femur fully restrained and
the distal end of the tibia partially restrained. To measure internal-external laxity, the
distal end of the tibia was rotated internally and externally by applying a torque of 1.5
Newton-meters with the distal end free in varus/valgus rotation. For the varus/valgus
laxity, the tibia was abducted (varus rotation at the knee) and adducted (valgus rotation at
the knee) by applying a torque of 10 Newton-meters with the distal end free to rotate
internally and externally. Antero-posterior laxity was measured along the joint line by
applying an anterior/posterior drawer force of 35 Newtons through a transducer clamped
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to the proximal end of the tibia, with the distal end free in abduction/adduction
(varus/valgus rotation) and internal/external rotation. During the laxity tests the variable
vertical force applied at the distal tibia (body weight) was low (30 Newtons) and the
quadriceps was unloaded. This value of 30 Newtons was chosen as enough force to keep
the knee components together but not overload them.
Upon completion of the laxity tests, Dr. Mihalko performed a mid-vastus
arthrotomy on the knee specimen. The “arthrotomy” tests were laxity tests performed on
the knee under various wound closure configurations. The sutures used were coated
Vicryl plus Taper CT-1 sutures (Ethicon, Somerville, NJ). In the “regular” configuration
the wound was closed just as it was opened. In the “up” configuration the wound was
closed 1 centimeter superior to the original arthrotomy. In the “down” configuration the
wound was closed 1 centimeter inferior to the original arthrotomy. Laxity tests were
performed using identical conditions to the tests performed on the previously healed
knee.

PASSIVE AND ACTIVE FLEXION/EXTENSION TESTING
The Knee Machine laxity tests are controlled and quantitative equivalents to
clinical tests that surgeons perform to evaluate soft tissue loading balance after TKA.
This balance of loads by the soft tissue limits the angular and translational displacements.
To evaluate how well the total knee arthroplasty restored normal knee kinematics, the
Knee Simulator was used to flex and extend the knee in a manner resembling a deep knee
bend or squat. The flexion-extension cycles were performed in two different ways. With
the proximal end of the femur fixed to the crosshead of the simulator in a position
approximating upright stance, the distal end of the tibia was raised and lowered, without
16

applying load to the quadriceps tendon (passive flexion-extension) and with tension
applied (active flexion-extension) to the quadriceps through a 1.25” lashing strap (USA
Products Group, Inc., Lodi, CA) sutured with coated Vicryl plus Taper CT-1 sutures
(Ethicon, Somerville, NJ) into the severed patellar tendon and attached to a force
transducer mounted on the crosshead. The distal end of the tibia (“ankle”) was
unrestrained to allow varus/valgus and internal/external rotations of the tibia. Beginning
with the specimen in full extension, the vertical force (“body weight”) at the distal tibia
was gradually increased. Once the “body weight” value was large enough to cause the
“ankle” to rise and the knee to flex, the data collection was started both for the Knee
Simulator transducers and for the motion capture system. When the knee reached
maximum flexion, the “body weight’ was slowly decreased and the “ankle” moved back
down, bringing the knee back to full extension.

MOTION CAPTURE SYSTEM
The Aesculap Orthopilot Navigation system (Aesculap Implant Systems, Center
Valley, PA) is a research version of the surgical navigation system used by surgeons to
perform total hip and knee arthroplasties (Fig. 6). It consists of an infrared camera
(Northern Digital, Waterloo, Ontario, Canada), reflective marker sphere arrays, a set of
digitization tools, and surgical navigation software developed by Aesculap.

17

Figure 6. The Aesculap Orthopilot Navigation System uses an infrared camera
(right) to track the positions of the three marker arrays (bottom right on table top)
during surgery. (Aesculap Implant Systems, Center Valley, PA, and Northern
Digital, Waterloo, Ontario, Canada)

The surgeon uses the total knee arthroplasty version by first attaching the
reflective marker arrays to the patient’s tibia and femur. The system works on the
principle of relating marker and coordinate system position, which is the property that is
taken advantage of in this project. Three marker arrays are used to relay positional
information via an infrared camera to a computer. Each marker array contains four
reflective spheres in a different configuration, which is how the camera recognizes the
correct array. There is one for the tibia, one for the femur, and one mobile array that can
be attached to various instruments. The coordinate system for each marker array is
defined by its orientation; the z-axis is directed through the attachment pin, and the x and
y axes are perpendicular to the z-axis (Fig. 7). Using bone screws and special pins, the
surgeon attaches the markers to the tibia and femur during surgery. Each array has an
origin located at the pin/array interface, which is located 0.137 millimeters above the
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flange surface of the pin. The camera reads the positions of the reflective spheres to
determine the position of the origin and coordinate system for each body fixed array. The
software guides the surgeon to put the knee through a variety of motions to find the
functional axes of the hip, knee and ankle. The aspect of the surgical navigation program
that is of relevance to this project is that it calculates a time dependent transformation
matrix between the two body fixed marker arrays at a number of points throughout the
flexion cycle, which can then be exported as an Excel file.

GROOD AND SUNTAY COORDINATE SYSTEM
JOINT COORDINATE SYSTEM
The Grood and Suntay joint coordinate system (JCS) is the convention behind the
methods used to calculate knee kinematics in the study (Fig. 7).38 Each body has a fixed
axis, and there is a floating axis determined by the cross product of the two body fixed
axes. There are three angular rotations; each angle is the rotation about one of the three
axes. The translation of the bodies relative to each other is described by a translation
vector between two arbitrary points, one on each body. The two bodies are taken to be the
femur and the tibia. Each bone has its own body fixed coordinate system, which is
necessary to eventually relate the two bodies. There is a difference between these body
fixed systems and the JCS. The body fixed coordinate systems are needed to establish the
axes for the JCS.
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Figure 7. The two body fixed coordinate systems of Grood and Suntay. The Joint
Coordinate System (JCS) is formed by two body fixed axes, z from the tibia and X
from the femur, and their cross-product, a floating axis. The femoral body fixed
axis is defined by the uppercase letters, and the tibial body fixed axis is defined by
the lowercase letters. The femoral array’s axes are denoted by Fx, Fy, Fz, and the
origin is denoted by Fo. The tibial array’s axes and origin are denoted by Tx, Ty,
Tz, and To.

BODY FIXED SYSTEMS
The tibial body fixed system starts with the origin of the intercondylar eminence.
The z-axis, or tibial mechanical axis, is the vector from the center of the ankle through
this origin point, positive upwards. The y-axis, or anterior axis, is defined as the cross
product of the z-axis with a working axis defined to be line connecting the centers of the
medial and lateral tibial plateaus. The x-axis is then taken to be the cross product of the y
and z axes. The femoral body fixed axis starts with an origin at the center of the
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intercondylar notch. The Z-axis is defined as the vector from this origin to the center of
the femoral head. The Y-axis, or anterior axis, is defined as the cross product of the Zaxis with a working axis of the line connecting the posterior condylar points (with the
knee in full extension). The X-axis is then taken to be the cross product of these Y and Z
axes. Once these coordinate systems have been established, the joint coordinate system is
clear. The JCS is composed of two body fixed axes and one floating axis. The two body
fixed axes are the tibial z-axis and the femoral X-axis. The floating axis is a cross product
of these two and is positive anteriorly.

KINEMATIC CALCULATIONS
The kinematic angles of the knee joint are described with reference to the JCS.
Flexion/extension occurs about the femoral body fixed X-axis. It is taken to be the angle
between the floating axis and the femoral body fixed Y or anterior axis. Internal/external
rotation occurs about the tibial body fixed z-axis. It is taken to be the angle between the
floating axis and the tibial body fixed y or anterior axis. Abduction/adduction occurs
about the floating axis. This varus/valgus angle is the angle formed between the femoral
body fixed X-axis and the tibial body fixed z-axis minus π/2. This is so when the knee is
in full extension, the varus/valgus will be 0 degrees. The sign conventions differ between
right and left knees because the x-axis is always positive to the right. Flexion is positive
and extension negative in either case. In a right knee, external rotation and abduction of
the tibia are positive; internal rotation and adduction of the tibia are negative. In a left
knee the signs for these angles are reversed: internal rotation and adduction are positive
and external rotation and abduction are negative.
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Knee joint motion can be described by the previous three rotations and three
translations: medial/lateral, anterior/posterior, and axial. The basis for the translations is a
vector between the tibial and femoral origins with components in the JCS. The three
components are designated by S1, S2, and S3. S1 is used to determine the medial/lateral
motion and is taken to be the distance along the femoral body fixed X-axis between the
femoral origin and the intersection of the axis with the floating axis. S2 determines the
anterior/posterior translation of the tibia with respect to the femur and is the
perpendicular distance between the femoral body fixed X-axis and the tibial body fixed zaxis along the floating axis. Anterior translation of the tibia and distraction of the joint are
positive. S3 determines the axial motion, i.e. the vertical motion of the tibia and femur. It
is taken to be the distance along the tibial body fixed z-axis between the tibial origin and
the intersection with the floating axis.

TRANSFORMATION MATRIX
While the angles and translations for the Grood and Suntay system are clearly
defined, in order to calculate their actual values one must look to the transformation
matrix between the two body fixed coordinate systems. A common transformation matrix
consists of a rotation portion and a translation vector. Grood and Suntay present a method
to calculate the kinematic parameters of the knee if the transformation matrix between the
tibia and femur is known. If the tibial body fixed axes are denoted by (i, j, k) and the
femoral denoted by (I, J, K), then the rotation matrix relating them is:

[Tk] =
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This matrix can be multiplied with a point in the tibial body fixed coordinate system to
get its coordinates in the femoral body fixed system (Fig. 8). To get knee kinematics for a
range of flexion, one must calculate a series of time dependent transformation matrices
connecting the tibia and femur. The translation vector that makes up the rest of the
transformation matrix is composed of the three positions between the origins of the body
fixed axes, S1, S2, and S3.
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Figure 8. Diagram showing the transformation matrix direction. [Tk] is the
transformation matrix between the tibial and femoral body fixed systems. This is
calculated multiplying [Tt]*[Ta]*[Tf]. [Tt] is the transformation between the tibial
body fixed and tibial array systems. [Ta] is the transformation between the tibial
and femoral marker arrays. [Tf] is the transformation between the femoral array
and femoral body fixed systems.
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Finding the time dependent matrix for the solution was a matter of circumventing
certain portions of the Aesculap surgical navigation software. There is a step in the
guided navigation procedure where the software asks the surgeon to put the knee through
a passive range of flexion-extension. While most other parts of the program advance
automatically to the next step once their objective is reached, this step relies on the user
to manually advance once they feel an acceptable flexion cycle has been recorded. A text
file is written to the hard drive in the background during this step in the program. At this
“functional knee rotation” step, the text file is composed of time dependent
transformation matrices relating the positions of the two body fixed marker arrays, [Ta].
The system always takes the tibial array as the origin, so the matrices give the position of
the femoral array in the tibial array coordinate system at each time point. The discovery
of this feature provided a window of opportunity in an otherwise closed navigation
system; it was the starting point for the solution to the problem of obtaining the values of
the time dependent array between tibia and femur. From this point it was a matter of
finding the relationships between the marker arrays and the body fixed coordinate
systems.
POINT DIGITIZATION
The research version of the Aesculap Pocket Pilot navigation software includes a
point digitization program. This program allows the user to digitize up to 100 points
using the mobile pointer instrument. The program uses the tibial marker array as its
reference, and outputs coordinates of the pointer instrument in this coordinate system.
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This program was used to digitize the points inside the knee needed to establish the
Grood and Suntay coordinate system (Fig. 9), and also to track the motion of several
other digitized points.

Figure 9. The interior points digitized to set up the body fixed coordinate systems. 1)
Intercondylar eminence, 2) Center of Medial Plateau, 3) Center of Lateral Plateau,
4) Intercondylar Notch, 5) Posterior Medial Condyle, 6) Posterior Lateral Condyle.
The centers of the tibial and femoral bone cups are taken to form their respective
axes with 1) and 4).

After the knee was tested it was taken out of the machine while ensuring that the
marker arrays remained in the same positions they had been in for the flexion cycles. The
points digitized were those needed to define the tibial and femoral body fixed axes
previously described for the Grood and Suntay system. Figure 9 shows the points on the
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Genesis II cruciate-retaining implant; on the Scorpio posterior-stabilized implant the only
differences are that point 1 is the top of the post and point 4 is the anterior portion of the
cam (Fig. 10).

Figure 10. The difference between reference points for the posterior-stabilized (PS)
implant on the left and the cruciate-retaining (CR) implant on the right. Point 1 was
used as the tibial origin and point 4 was used as the femoral origin.

Several anatomical landmarks were also digitized to provide yet another way of
reporting knee motion (Appendix B). These points were the corners of the distal femur
cut and the femoral epicondyles (Fig. 11). The digitized points and time dependent
transformation matrices were brought together in a custom Matlab program to output
knee kinematics (Appendix C).
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Figure 11. Anterior view of the femur showing the distal cut. For a right knee, the
points are the following: 1) Lateral epicondyle, 2) Medial epicondyle, 3) Anterolateral distal femur, 4) Antero-medial distal femur, 5) Postero-lateral distal femur,
and 6) Postero-medial distal femur.

MATLAB PROGRAM
A Matlab program (Version 7, MathWorks, Natick, MA) processed the data files
taken by the navigation system and calculated knee kinematics. The user input the points
digitized in the knee; some of the points were meant to establish the body fixed
coordinate systems and the other points were for motion tracking. The program took the
points from the tibia and created the tibial body fixed system, [Tf] and [Tt], then did the
same with the femur. The unit vectors for the tibial and femoral marker arrays are the
same, because the points are calculated using one reference array. If these unit vectors are
denoted by (x, y, z), and the tibial and femoral body fixed unit vectors are (i, j, k) and (I,
J, K) as previously described, then:
28

[Tf] =
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Anterior drawer of the tibia is referred to as q2 and is calculated from the terms (S2cosα +
S3sinαsinβ) and (-S2sinα + S3cosαsinβ), which correspond to Tk(2,4) and Tk(3,4),
respectively. With these equations, q2 = S2 = Tk(2,4)*cosα - Tk(3,4)*sinα. The points
digitized for motion tracking, such as the epicondyles, were multiplied by this
transformation matrix to get their coordinates relative to the tibia at each time point. For
example, an epicondylar point was originally taken with respect to the femoral reference
array, and labeled as [Epif]. To get that same point with respect to the tibial body fixed
axis, it had to be multiplied:

[Epit] = [Tk]*[Tf]*[Epif]

A more detailed description of the program can be found in Appendix C.
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CHAPTER THREE
RESULTS
CHARACTERIZATION AND CALIBRATION
CHARACTERIZATION
The knee machine can be characterized by following the methodology applied to
the Oxford knee rig.39 The objective is to determine how many degrees of freedom the
knee machine provides to a knee specimen. This requires determining if the machine
follows the general mobility criterion proposed by Hunt.40
The components of the knee machine form an open kinematic chain that becomes
closed when a knee specimen is added. There are seven links to the knee machine: the hip
component, which serves as the origin, the flexing part of the hip component, the I/E
rotating portion of the ankle box, the ankle box, which rotates in flexion, the varus/valgus
arm, which rotates in varus/valgus, the sliding portion of the ankle component, which
translates medially/laterally, and the entire ankle component, which is able to translate
proximally/distally with respect to the origin. These seven links are connected by six
joints. Four of these joints are revolute: hip flexion, tibial I/E rotation, varus/valgus, and
ankle flexion. The other two joints are prismatic: the medial/lateral sliding ankle
component and the proximal distal ankle assembly. A visual explanation of these joints is
provided in the caption to Figure 12.
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Figure 12. From Paul McLeod’s patent of the original simulator. McLeod, Paul C.
“Knee Loading and Testing Apparatus and Method.” US Patent 5014719. 14 May
1991. Sheet 1 of 13, Fig. 1. The hip component rotates in flexion about the axis best
denoted by 64. The entire ankle component is attached to the crosshead, 26, which
moves superior/inferior. 13 represents the tibia, which forms an axis of rotation. 174
represents the axis of rotation for varus/valgus angle, which is parallel to the
crosshead. While it is not denoted by a number, ankle flexion occurs about the axis
formed from the arms holding the ankle box in place, and is the cross product of the
tibial rotation and varus/valgus rotational axes. The ankle box is allowed to
translate in the medial/lateral direction along the bars denoted by 150.
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The general mobility criterion states that the degrees of freedom or mobility is
equal to the following formula:

µ = 6(n – g – 1) + Σ fi

In this formula, n is the number of rigid bodies, g the number of joints, and f the number
of degrees of freedom between each link. For the knee machine, n = 7 and g = 6. Each
link has 1 degree of freedom so total degrees of freedom, µ = 6(7 – 6 – 1) + 6 = 6.
Since the general mobility criterion only applies when the joint constraints or
freedoms are independent is was necessary to determine the independence of the
constraints or freedoms.40 Following the example of the application of the theory of
screws, developed for the Oxford knee rig, it was found that there are six moving parts,
or screws, to the machine.39, 41 The screws are denoted by $i, and the rotations about the
screws are denoted by θi, with i equal to the screw number. For example, θ1 is the angular
rotation about $1. The screws are described by the following:
$1 = revolute joint allowing hip flexion/extension
$2 = prismatic joint allowing vertical movement of ankle arm
$3 = prismatic joint allowing medial/lateral translation of sliding ankle component
$4 = revolute joint allowing ankle varus/valgus rotation
$5 = revolute joint allowing ankle flexion/extension
$6 = revolute joint allowing ankle internal/external rotation
A visual description of the screws and their respective rotations can be found in Fig. 13.
The coordinates of a screw $ are:
33

$ = (L M N; P* Q* R*)

L, M, and N are the direction ratios of the axis of the screw, and P*, Q*, R* refer to
velocity components of the moving body instantaneously, for a revolute joint. For the
prismatic joints, L, M, and N are all equal to zero, and P*, Q*, R* are the direction ratios
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Figure 13. The Knee Machine, showing the screws associated with the design.
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of a line parallel to the axis of the prismatic joint. The coordinates of 6 screws should be
written in a 6x6 matrix for their independence to be investigated.39 For the Memphis
Knee Simulator the origin is placed at the center of rotation of the hip joint, because the
only movement there is hip flexion/extension. Since the ankle center of rotation translates
vertically and medially/laterally, it would be inconvenient to have the origin there. The
coordinate for the one revolute pair at the hip joint is:

$1 = (1, 0, 0; 0, 0, 0)

In this case, the screw’s P*, Q*, R* coordinates are 0 because each one passes through
the origin. Its rotation coordinates reflect that it lies in the positive x direction. The
coordinates for the two prismatic pairs and three revolute pairs at the ankle joint are (s =
sine, c = cosine):

$2 = (0, 0, 0; 0, 0, 1)
$3 = (0, 0, 0; 1, 0, 1)
$4 = (sθ6, cθ5cθ6, -sθ5cθ6; zhcθ5cθ6-yhsθ5cθ6, xhsθ5cθ6-zhsθ6, xhcθ5cθ6-yhsθ6)
$5 = (cθ4cθ6, -sθ6, sθ4cθ6; yhsθ4cθ6-zhsθ6, -zhcθ4cθ6-xhsθ4cθ6, -yhcθ4cθ6-xhsθ6)
$6 = (-sθ4, cθ4sθ5, cθ4cθ5; zhcθ4sθ5+yhcθ4cθ5, zhsθ4-xhcθ4cθ5, yhsθ4+xhcθ4sθ5)

The P*, Q*, R* coordinates for the revolute pairs are velocities calculated from the
equation v = ω x r, where ω is the L, M, N coordinates of the screw and r is the vector
(xa, ya, za) between the origin and center of ankle rotation. As previously stated, the six
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screws form a 6x6 matrix. To prove that the screws are linearly independent it must be
shown that the determinant of the matrix is not equal to zero. The determinant was found
to be:

D = zh(sθ42cθ5cθ62+cθ42cθ52cθ62+cθ42sθ52cθ62-sθ4sθ5cθ6sθ6+cθ4cθ5sθ62+sθ4cθ4sθ5cθ6sθ6) –
xh(sθ4cθ4sθ52cθ62)

First, look at the conditions which could make each term zero. It is impossible for
zh to equal zero because the machine has a stop built in that will keep the ankle arm from
reaching the hip arm. The only time xh will equal zero is when the knee is perfectly
straight, with no varus/valgus angle. In this position, it is possible for the knee to be in
full extension with θ4, θ5, θ6 all equal to zero. In this configuration the determinant is
equal to zh. The other way to make all of the terms zero would be to make one or all of
the angles equal to 90°, and with a specimen in the machine this would be physically
impossible. It can be assumed that the determinant of the matrix of screws cannot equal
zero, so the screws can be considered linearly independent, and therefore the Knee
Machine allows a knee specimen a full six degrees of freedom, corresponding to full
spatial freedom.

KNEE TESTING
KNEE LAXITY
The laxity of the two anatomic knees obtained posthumously through an anatomic
gift program from successful total knee arthroplasty subjects was measured in
varus/valgus (V/V) (or tibia adduction/ abduction), internal-external (I/E) and antero-
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posterior (A/P) laxity. One knee contained a Stryker Scorpio total knee arthroplasty
(TKA) of the posterior-stabilized (PS) design and the other a Smith & Nephew Genesis II
posterior-cruciate retaining (CR) design. The results were graphed showing the maximum
and minimum displacements attained at each fixed knee flexion angle for the predetermined maximum and minimum loads applied in each compliance test. The I/E
compliance tests showed that the PS TKA had greater internal laxity and lower external
laxity under tibial torque than the CR TKA for knee flexion greater than 30 degrees (Fig.
14); both implants had around the same range of I/E rotation between the minimum and
maximum torque at each flexion angle. The PS TKA had slightly greater posterior
posterior laxity than the CR TKA and greater anterior laxity under tibial AP force (Fig.
15), perhaps a reflection of the function of the posterior cruciate ligament; again, both
implants showed a similar range of motion. A notable difference between knees was
observed in the V/V compliance test (Fig. 16). The PS TKA showed decreasing valgus
laxity at greater flexion angles, whereas the CR TKA demonstrated increasing valgus
laxity; the PS TKA exhibited increasing varus laxity at greater flexion angles while the
varus laxity for CR TKA remained almost constant with increasing flexion. Also the
range of V/V laxity increased steadily with flexion for the CR implant, but remained
nearly constant for the PS implant.
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Figure 14. Comparison in the minimum and maximum angular displacements of
Genesis II CR and Scorpio PS. Angles resulted from rotational torque of +/- 1.5 Nm. Tibia with respect to femur.
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Figure 15. Comparsion between minimum and maximum anterior/posterior
displacement of Genesis II CR and Scorpio PS. Displacements resulted from
anterior/posterior forces of +/- 35 N. Tibia with respect to femur.
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Figure 16. Comparison of minimum and maximum varus/valgus angular
displacement for Genesis II CR and Scorpio PS. Displacements resulted from
varus/valgus torques of +/- 10 N-m. Tibia with respect to femur.

ARTHOTOMY WOUND CLOSURE
The results of the arthrotomy wound closure laxity tests for the knee with the CR
TKA implant were graphed as comparisons of the minimum and maximum
internal/external (I/E) rotation, varus/valgus (V/V) rotation, and A/P translation at each
fixed flexion angle compliance test. The laxity values of the two knees with three
variations of wound closure configurations were compared to the original healed knee
laxity values. The I/E rotational laxity (Fig. 17) differed little between all configurations.
The V/V laxity showed increasing deviation from the original healed values at flexion
angles exceeding 30° (Fig. 18). The anterior laxity under tibial AP force remained nearly
constant over increasing flexion angles of testing with little difference between healed
and arthrotomy closure states, whereas posterior laxity was increased at 30° flexion for
all configurations compared with the other angles of knee flexion, most probably due to
the absence of the anterior cruciate ligament (Fig. 19).
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Arthrotomy Laxity Test (Genesis II): I/E Rotation
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Figure 17. Maximum and minimum rotational displacement of Genesis II CR with
differing wound closure configurations. Displacements resulted from rotational
torques of +/- 1.5 N-m. Neutral refers to a normal wound closure, up refers to 1 cm
superior, down refers to 1 cm inferior, and intact is the healed knee implant laxity.
Tibia with respect to femur.
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Arthrotomy Laxity Test (Genesis II): V/V Angle vs.
Flexion
V/V Angle (deg) Var(-) Val(+)
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Figure 18. Maximum and minimum varus/valgus angular displacement of Genesis
II CR with differing wound closure configurations. Displacements resulted from
rotational torques of +/- 10 N-m. Neutral refers to a normal wound closure, up
refers to 1 cm superior, down refers to 1 cm inferior, and intact is the healed knee
implant laxity. Tibia with respect to femur

Arthrotomy Laxity Test (Genesis II): A/P
Translation vs. Flexion
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Figure 19. Maximum and minimum anterior/posterior displacement of Genesis II
CR with differing wound closure configurations. Displacements resulted from
anterior/posterior forces of +/- 35 N. Neutral refers to a normal wound closure, up
refers to 1 cm superior, down refers to 1 cm inferior, and intact is the healed knee
implant laxity. Tibia with respect to femur.
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COUPLED ROTATIONS
Coupling between internal/external (I/E) and varus/valgus (V/V) rotations was
observed in the V/V and I/E laxity tests. During the V/V laxity tests, I/E rotation was
unconstrained, and for the I/E rotational laxity tests the V/V knee rotation was
unconstrained. This allowed coupled motion between V/V and I/E rotations to occur and
to be recorded (Figs. 20 & 21).
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Figure 20. Internal/external rotation resulting from changing varus/valgus angle
during the varus/valgus laxity test. The legend refers to the different flexion angles.
Tibia with respect to femur.
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Genesis II CR: I/E and V/V Coupled (during I/E
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Figure 21. Varus/Valgus rotation resulting from changing internal/external rotation
during the internal/external rotational laxity test. The legend refers to the different
flexion angles. Tibia with respect to femur. There is a small tail in the plot at 90
degrees. This is due to the contact of the front of the ankle box with the sliding
component at 90 degrees flexion.

KINEMATICS (CR TKA)
Differences and similarities could be observed in knee kinematics between
simulated passive and active knee flexion-extension. In the flexion-extension tests the CR
TKA exhibited internal rotation of the femoral component during passive flexion with the
patellar tendon left free. During active flexion when the patellar tendon was under
tension, the femoral internal rotation reversed to external at a quadriceps force of around
50 Newtons (Fig. 22). The knee became increasing more varus with an 8 degree change
during the passive flexion, and by about half that in the active test (Fig. 23). The femur
translated anteriorly until around 60°, where it experienced a slight reversal before
moving anterior again (Fig. 24).
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Grood and Suntay (Genesis II): I/E Rotation vs.
Flexion (FwrtT)
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Figure 22. Comparison of internal/external rotation during active and passive
flexion. Results were calculated using motion capture and output in the Grood and
Suntay coordinate system. Femur with respect to tibia.

Grood and Suntay (Genesis II): V/V Angle vs.
Flexion
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Figure 23. Comparison of varus/valgus angle during active and passive flexion.
Results were calculated using the navigation software and output in the Grood and
Suntay coordinate system. Femur with respect to tibia.
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Grood and Suntay (Genesis II): A/P Translation vs.
Flexion (FwrtT)
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Figure 24. Comparison of anterior/posterior translation of the femur during active
and passive flexion. Results were calculated using the navigation software and
output in the Grood and Suntay coordinate system. Femur with respect to tibia.

EPICONDYLAR MOTION (CR TKA)
Motion of the medial and lateral femoral epicondyles has been used to describe
knee kinematics.36 Flexion of the CR TKA right knee demonstrated gradual posterior
translation until about 50 degrees of flexion for the active flexion cycle, after which the
medial epicondyle translated anteriorly as the lateral epicondyle translated more abruptly
posteriorly (Fig. 25). This pattern of femoral motion during active flexion corresponds
with an external rotation of the femur for flexion beyond 50 degrees as also seen in
Figure 22. During passive flexion both epidondyles continued to translate posteriorly
until 90 degrees of flexion.
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Genesis II: Epicondylar A/P Motion vs. Flexion
(FwrtT)
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Figure 25. Anterior/posterior motion of the epicondyles for the CR-TKA during
active and passive flexion. A/P position is relative to the center of the tibial
intercondylar eminence. Femur with respect to tibia.

KINEMATICS (PS TKA)
A PS TKA might be expected to have different kinematics in load bearing knee
flexion activities like squatting and lunging, than a CR TKA, especially in deeper flexion
after the cam and post engage. Active and passive flexion-extension cycles differed most
notably in internal/external rotation (Fig. 26). As with the cruciate-retaining knee,
varus/valgus angle and anterior/posterior translation were also calculated during flexion
(Figs. 27 & 28).
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Grood and Suntay (Scorpio PS): I/E Rotation vs.
Flexion (FwrtT)
I/E Rotation (deg) Ext(-) Int(+)

1
0
-1
Flex w/ quad
Ext w/ quad
Flex w/o quad
Ext w/o quad

-2
-3
-4
-5
0

20

40

60
80
100
Flexion Angle (deg)

120

Figure 26. Comparison of internal/external rotation during active and passive
flexion. Results were calculated using motion capture and output in the Grood and
Suntay coordinate system. Femur with respect to tibia.

Varus/Valgus Angle
(deg) Var(-) Val(+)

Grood and Suntay (Scorpio PS): V/V Angle vs.
Flexion (FwrtT)
4.5
4
3.5
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1
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0

Flex w/ quad
Ext w/ quad
Flex w/o quad
Ext w/o quad
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20
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60
80
Flexion Angle (deg)

100

120

Figure 27. Comparison of varus/valgus angle during active and passive flexion.
Results were calculated using motion capture and output in the Grood and Suntay
coordinate system. Femur with respect to tibia.
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Grood and Suntay (Scorpio PS): A/P Translation
vs. Flexion (FwrtT)

A/P Translation (mm)
Ant(+) Post(-)

25
20
Flex w/ quad
Ext w/ quad
Flex w/o quad
Ext w/o quad
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10
5
0
-5

0

20

40

60

80

100

120

Flexion Angle (deg)

Figure 28. Comparison of anterior/posterior translation of the femur during active
and passive flexion cycles. Results were calculated using motion capture and output
in the Grood and Suntay coordinate system, which is tibia with respect to femur.
Results are presented femur with respect to tibia to easier demonstrate femoral
anterior/posterior translation.

EPICONDYLAR MOTION (PS TKA)
The epicondylar motion pattern (Fig. 29) for the PS TKA right knee reflected the
observed internal/external rotation (Fig. 26). In passive flexion the medial epicondyle
moved more posteriorly than the lateral epicondyle, corresponding with the observed
femoral internal femoral rotation. After cam/post contact occurred at around 60 degrees
of flexion, the lateral epicondyle translated posteriorly while the medial translated
anteriorly, corresponding with external femoral rotation. During active flexion the
rotation both epicondyles moved posteriorly, with a slight internal rotation until 60° after
which both epicondyles moved anteriorly.
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Scorpio PS: Epicondylar A/P Motion vs. Flexion
(FwrtT)
A/P Position (mm) Ant(+)
Post(-)

0
-2 0

20

40

60

80

100

-4

120
Medial w/quad
Lateral w/ quad
Medial w/o quad
Lateral w/o quad

-6
-8
-10
-12
-14
Flexion (deg)

Figure 29. Anterior/posterior motion of the epicondyles during flexion cycles with
and without the patellar tendon. A/P position is relative to the center of the tibial
intercondylar eminence. Femur with respect to tibia.

BODY WEIGHT AND QUADRICEPS FORCE
The body weight and quadriceps force were measured during the tests (Figs. 30 & 31).
The body weight was the driving force behind the flexion tests; Dr. Mihalko slowly
increased the body weight to induce knee flexion and then decreased it for extension.
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Quad Force vs. Flexion
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Quad Force (N)
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80

100

120
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Figure 30. Quadriceps force in Newtons versus flexion angle for the flexion tests.
The quadriceps clamp was attached to the patellar tendon and read the amount of
tension on the tendon during flexion.

Body Weight (N)

Body Weight vs. Flexion
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Figure 31. Body weight in Newtons versus flexion angle for the flexion tests. The
body weight was increased until the knee went into flexion, then decreased until the
knee went into extension.
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CHAPTER FIVE
DISCUSSION
AIMS OF STUDY

CHARACTERIZATION AND CALIBRATION
The main objective of this study was to develop and implement a methodology to
enable knee kinematics to be studied during an in vitro simulated squat. As an application
of the methodology, it was used to examine the null hypothesis that a knee with a
posterior cruciate ligament (PCL) retaining total knee arthoplasty (TKA) would show no
differences in kinematics compared with a PCL sacrificing TKA. As previously
described, similar devices and methods have been used in the past to evaluate knees. The
testing for this study was to be done in a similar manner, but have the uniqueness of the
healed cadaver knees. The calibrations for each force transducer and angle potentiometer
were performed by applying a known standard to each individual transducer and
matching the input and output. Each calibration is described in detail in Appendix A.
This step was taken to ensure that the output of the Knee Simulator was comparable to
known values. The characterization of the machine is described in detail in the materials
and methods section; the Memphis Knee Simulator was found to have a full six degrees
of freedom, with each link in the chain linearly independent. There is not an easy way to
quantitatively show that calibration and characterization were completed; it seems that
the best way is to simply describe the error involved with using the Knee Machine by
itself.
It was mentioned that each transducer was individually calibrated; the known
input was compared to the output for each transducer so a correlation coefficient could be
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calculated. In each case, the r2 correlation coefficient was greater than .95, with most
being greater than .99. This shows that there was a 95% chance that the output values of
the Knee Machine were correct. To analyze the error in the process, however, one must
look at the technical aspects of the components. The first component of the system is the
known standard, the Revere 500 lb. load cell. The load cell is guaranteed factory
calibrated, but still comes with a certain amount of uncertainty. The factory specifications
of error for the load cell are in Table 1.

Table 1: Error specifications for the 500 lb. load cell.
Error (%
Estimated Error
500 lb. Load Cell
FSO)
(V)
3.001 mV/V =
Full Scale Output
0.015 V
Non-repeatability
0.01
0.0000015
Temperature
Sensitivity Zero
0.001
0.00000015
Temperature
Sensitivity Output
0.0008
0.00000012
Non-linearity
0.001
0.00000015
Zero Balance
0.5
0.000075
Hysteresis
0.014
0.0000021
Total
0.00007902

The zero order uncertainty is known as one half of the resolvable least unit; this
value is 0.0005 millivolts for the load cell. The next component of the knee machine
related to the calibration is the 2B31J amplifier. The transducer signal is amplified before
it travels into the computer. The technical specifications for the amplifier are in Table 2.
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Table 2: Error specifications for the 2B31J Amplifier
Error (%
Estimated Error
2B31J Amplifier
FSO)
(V)
Full Scale Output
5V
Non-linearity
0.0025
0.000125
Gain Non-linearity
0.0025
0.000125
Gain Drift
0.025
0.00125
Voltage Offset Drift
0.05
0.0025
Offset Current Drift
0.004
0.0002
CMR
0.00025
0.0000125
Noise
0.01
0.0005
Excitation Drift
0.15
0.0075
Total
0.0122125

The zero order error was found to be +/- 0.5 millivolts for the amplifier. The total
uncertainty for the Knee Machine output is the root sum of squares for both the zero
order uncertainty and the individual component uncertainty. This value was calculated to
be 0.0122 volts. Since the full scale output of the machine is 5 volts, the uncertainty
would be about 0.2 %. This means that it is reasonable to assume that the output values
from the Knee Machine are 98.2 % accurate, given that the 500 lb. load cell was indeed
factory calibrated.
It is possible that there is some error involved with the Macintosh Quadro 650
computer used. There was occasionally lag time between recorded data points; to
compensate for this the tests were performed as slowly as possible. Another aspect could
be the calibrations of the angle potentiometers. While the force transducers could be
compared electronically to a known standard, the angle calibrations involved the largest
possible element of human error. Levels and squares were used for each of these
calibrations, with the final result being determined visually determining the straightness
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of a level. The one thing that can be said in defense of this process is that in each case,
three separate calibrations were performed and the averages used for the final
calculations. The end result is that it can be assumed that after looking at both the known
and unknown errors, it can be reasonably assumed that the values output by the Memphis
Knee Simulator were correct, which achieves the goal of a calibrated machine, +/- one
degree.

LAXITY
The studies by Saeki et. al., Jojima et. al., and Kanamiya et. al. were particularly
interesting for comparisons because they used the same basic knee machine as the current
study. Saeki et al.. tested laxity of a knee after insertion of a cruciate retaining prosthesis,
then again after switching to a posterior stabilized. They found that the knee containing
the cruciate retaining prosthesis had less laxity than the posterior stabilized implant in
external rotation, valgus rotation, and anterior translation.24 Jojima et. al. studied the
effects of implant tightness and posterior slope on laxity using a cruciate-retaining
prosthesis.21 Kanamiya et. al. tested stability with varying ligament release before
implanting a cruciate-retaining prosthesis.20 In the current study the laxities of two
different knees containing CR and PS implants were compared. The external rotational
and anterior translational laxities were greater for the PS than the CR with increasing
flexion (Figs. 14 & 15). The valgus laxity increased for the CR and decreased for the PS,
while the varus laxity stayed the same for the CR but decreased for the PS (Fig. 16). The
laxity for the PS didn’t show much change with increasing flexion; the knee just rotated
in the varus direction.
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External Rotational Laxity (TwrtF)
External Rotation (deg)
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90

Flexion Angle (deg)

Figure 32. Comparison in external rotational stiffness between the current study,
Kanamiya et. al. (2002), and Saeki et. al. (2001). In the current study torque was
applied to a value of 1.5 N-m; Kanayima et. al. used 10 N-m and Saeki et. al. used
1.5 N-m.

Valgus Angular Laxity (TwrtF)
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Flexion Angle (deg)
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Figure 33. Comparison in valgus angular stiffness between the current study,
Jojima et. al. (2004), and Saeki et. al. (2001). In the current study knees torque was
applied to a value of 10 N-m; Jojima et. al. used 15 N-m and Saeki et. al. used 10 Nm.
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Anterior Displacement (mm)
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Figure 34. Comparison in anterior translational stiffness between the current study,
Jojima et. al. (2004), and Saeki et. al. (2001). In the current study knees force was
applied to a value of 35 N; Jojima et. al. used 70 N and Saeki et. al. used 35 N.

A comparison of the current study with the previous ones using the same machine
shows much variation. The external rotational laxity comparison shows a similar trend
between the two PS implants (Fig. 32) and a comparable shift between 30° and 60° for
the CR implants. The valgus laxity is very similar for the CR implants but shows a
different direction for the PS (Fig. 33). The anterior laxity shows similar trends for all
implants, just on different scales (Fig. 34). There are four main differences in the
previous and current studies. The first is that the condition of the knees was very
different. In the current study the knees were healed; all three previous described studies
in which TKA components were implanted in cadaver knees and then tested. This may
have led to an increased joint laxity as compared to the healed knees. Another difference
is the ankle component of the knee machine. At the time of the previous study the knee
machine had an arc ankle configuration (Fig. 35); the current model of the machine has
the original linear ankle (Fig. 1). Another difference is the testing conditions. Different
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force and torque values were used between the studies, and the values compared are the
displacements resulting from the maximum forces/torques. The final difference is the
knee implants; all of the previous studies used a Profix (Smith and Nephew Inc.,
Memphis, Tennessee) implant for all of the knees.20, 21, 24 The current study had two
knees containing implants that were not only of a different type (PS vs. CR) but produced
by different manufacturers. It would be expected that the kinematics of implants might
vary between the different companies.

Figure 35. The previous laxity tests used the machine in this “arc” ankle
configuration.
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ARTHROTOMY WOUND CLOSURE
Arthrotomy wound closure is an aspect of TKA that has not previously been
studied. The knees were first tested for normal laxity. The joint was then opened up and
closed in one of three different configurations. The internal/external rotational laxity
didn’t show much difference between the closures; the normal laxity and regular wound
closure laxity were almost identical, while the down configuration was slightly more lax
in the external direction (Fig. 17). The varus/valgus compliance tests showed a difference
between the normal knee and all of the wound closure configurations (Fig. 18). It seems
that opening up the healed knee joint sacrificed some soft tissue integrity, causing the
knee to become more lax in the varus direction. The anterior/posterior compliance tests
showed similar values at all angles except 30° (Fig. 19). Since the implant is a CR the
PCL interaction may have a greater effect at the higher degrees of flexion. While there
were small differences in the I/E and A/P compliance tests, the large difference in
varus/valgus laxity resulting from the opening and closure of the knee makes this an
interesting aspect for future studies.

COUPLED ROTATIONS
During the compliance tests the knee was left unconstrained except for the
parameter being tested. This was to see the effects of varus/valgus torque on
internal/external rotation and rotational torque on varus/valgus angle. These effects were
studied by Whiteside et al. with the original version of the current knee machine. They
found during the varus/valgus laxity test that increasing valgus angle led to increased
internal rotation; the same effect occurred during the internal/external rotation test.22

59

The current study found similar results, showing that internal/external rotation had a
slight effect on varus/valgus angle in the higher flexion angles.

KNEE KINEMATICS (GENESIS II)
In a previous study, intact knees were tested, then tested again with Genesis II CR
and PS implants.36 The kinematics of the CR implant were comparable to the results of
the current study. In the previous study, patients containing implants were asked to
perform a lunge maneuver and a ‘step-up’ motion. The motions were captured using
videofluoroscopy; 3D models were generated and the tibiofemoral contact points were
estimated to be the lowest point on each condyle relative to the tibial baseplate.
Internal/external rotation was measured as the angle between the line connecting the
contact points and the neutral position of the femur. In both maneuvers the cruciate
retaining implant gave between 5-6 degrees femoral internal rotation. The
anterior/posterior translation of the contact points was measured as their position relative
to the tibial center. The mean position was -2.7 mm for the medial contact and -8 mm for
the lateral contact (Fig. 36). It was also stated that the varus/valgus angle of the knee
changed by less than 3° throughout the motions.36
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Figure 36. Comparison between the current study and Victor et al. (2005) of the
kinematics of the same cruciate retaining implant design . Unlike the present study
Victor et al. did not report epicondylar motion, but rather calculated rotation and
A/P motion from fluoroscopy contact points in living subjects. From the top, the
first graph is tibial rotation (tibia with respect to femur) and the second graph is the
epicondylar anterior/posterior motion (femur with respect to tibia). All tests were
done with the patellar tendon.
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In the current study, the knee containing the Genesis II CR prosthesis exhibited
similar kinematics. The femoral internal rotation was between 4.5-5.5 (Fig. 36). The
varus/valgus angle stayed between +2° and -1° during flexion (Fig. 23). The tibiofemoral
contact points were unknown; however, the epicondylar axis showed a mean
anterior/posterior position of -8.1 mm on the medial side and -16 mm on the lateral side.
The previous study showed that the medial contact point translated anteriorly while the
lateral contact point translated posteriorly during flexion, a motion that was shown in the
current study as well (Fig. 36). While the methods of calculating kinematics were
different, the results between the two studies are similar.

KNEE KINEMATICS (SCORPIO)
The second knee tested contained a Scorpio posterior-stabilized knee implant.
Bull et. al. tested several knees in which they implanted Scorpio cruciate-retaining
prostheses.12 They used a method similar to the current study to report knee kinematics.
The knee was passively flexed to 90° and then extended by tensioning a clamp attached
to the patellar tendon. The kinematics were reported as internal/external rotation,
varus/valgus angle, and anterior/posterior translation during extension. It was found that
during the entire range of extension the CR knee had an external tibial rotational angle of
15°. The varus/valgus angle ranged from about 2° varus at 90° flexion to 0° at full
extension. During flexion the tibia moved posteriorly to the femur about 8 mm (Fig. 37).
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Figure 37. Comparison between the posterior-stabilized knee kinematics from the
current study and the study of Bull et. al. (2008). Bull et al. used an origin for the
femur located on the transepicondylar axis and defined zero I/E rotation as the
angle between the transepicondylar axis and the malleolar mediolateral axis starting
at 90 degrees of flexion rather than at full extension as in the present study. From
top to bottom, graphs are tibial rotation (tibia with respect to femur), varus/valgus
angle (femur with respect to tibia), and anterior/posterior translation (femur with
respect to tibia).
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In the current study, the PS knee showed some of the same characteristics up to
around 65° flexion. It was estimated after implant retrieval that in this design the
cam/post interaction occurs at around 65° of flexion. This is evidently related to the
observed change of direction in the varus/valgus angle (Fig. 27). This effect can also be
seen in the anterior/posterior translation, as the femur moves slightly anteriorly around
that angle (Fig. 28). Another possible cause for the effect is the action of the patellar
tendon during flexion (Figure 30). The quadriceps force shows a great increase around
65° flexion. The PS knee shows vary little change in internal/external rotation (Fig. 26),
as did the CR; there is an offset in the quantitative values. Both knees changed by around
2° in varus/valgus angle between 10 and 60 degrees of flexion. The anterior/posterior
translation values are similar in that both cases have the femur moving anteriorly until
around 60° flexion where it rolls back posteriorly. This comparison is of particular
interest because it shows that the Scorpio PS and CR designs produce similar kinematics
until around 60° flexion.

COORDINATE SYSTEM EFFECT
It was mentioned that Bull et al. used a similar method of reporting kinematics to
that used in the current study.12 A coordinate system was established using the
transepicondylar axis for flexion/extension. While the paper claims to use a Grood and
Suntay coordinate system, the actual GS defines flexion/extension as a cross-product of
the anterior/posterior and femoral mechanical axes.38 The AP axis is formed as a cross
product involving the plane of the two posterior condyles. Using the transepicondylar
axis for flexion/extension is closer to the coordinate system proposed by Pennock and
Clark.42 It has been established that the axis used for flexion/extension has the largest
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effect on knee kinematics.43 The effects of different types of femoral coordinate systems
on kinematic output have been studied; it has been found that the greatest difference in
kinematics was between the GS and PC systems. They differed by as much as 7° in
varus/valgus angle, 5° in internal/external rotation, and 15 millimeters in
anterior/posterior translation. There was also less error in point acquisition in GS.44
Therefore, differences in kinematics between the current study and previous ones can be
expected simply because of the coordinate systems used for reporting.
An important factor to take into account for both knees tested is the point
acquisition limitations of the current study. In order to establish a Grood and Suntay
coordinate system the mechanical axes of both the femur and tibia need to be well
defined. In the current study the specimens used were sectioned at 180 mm from the joint
line on both tibia and femur, so it was not possible to get an accurate position of the
femoral head. The ends of the bone cuts were used to establish the mechanical axes of the
tibia and femur. Since the coordinate system is made up of a series of cross products
between axes, any inaccuracies can lead to offsets or rotations in the data. Simply
defining the femoral mechanical axis through the bone cut instead of through the actual
hip center can affect varus/valgus angle, flexion angle, internal/external rotation, and
anterior/posterior translation. This doesn’t necessarily affect the range of the data, but
may explain some discrepancies found when comparing between studies.
LIMITATIONS AND FUTURE WORK
The purpose of this study was to develop and implement a methodology for
testing knees and use this methodology to distinguish between different implant designs.
This was done by combining knee laxity tests with newly developed flexion-extension
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tests accompanied by motion capture, then testing two healed and well-functioning
retrieved cadaver knees with cruciate retaining and substituting total knee replacements
and comparing the results to published cadaver knee studies. The results were in general
agreement with previously published laxity and kinematic results. There was a clear
difference in the kinematic performance between the posterior-stabilized and cruciateretaining implants. Using this methodology one can see the effect of the differing design
features of the implants and actually compare the function of the cam and post
mechanism to the function of the PCL. It is difficult to make comparisons and form
hypotheses without a larger sample size. Now that the methods have been established, in
future studies more specimens can be tested. The unique part of the study was the healed
condition of the knees. If enough cruciate retaining or posterior stabilized specimens can
be obtained, statements can be made about comparing the different types of knee
prosthesis. Future studies may look closer into the effect that the quadriceps tendon has
on knee motion, or include the hamstrings. One of the limitations of this study was not
knowing the true hip center. With CT scans of the entire leg, the hip center could possibly
be calculated in relation to the points digitized with the knee opened up. This would give
more accurate kinematics and enable closer comparisons to previous studies to be made.
The objectives of the current study were met in that the methods established can be used
to further research in the field of joint mechanics.
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APPENDIX A
CALIBRATION PROTOCOLS
100 LB. LOAD CELL
Standard Operating Practice for Calibration of 100 lb. S-type Load Cell Using Memphis
Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the 100 lb. S-type load cell using the Memphis Knee
Simulator
I. Calibration Apparatus Setup
A. Parts List (Fig. A-2)
1. Bottom arm, rests in ankle component (Part A)
2. All-thread, 0.869” length, 0.245” diameter (Part B)
3. All-thread with hole in center for 2 and 6, 0.493” diameter, 0.44”
length (Part C)
4. 500 lb Revere force transducer, S-type (Part D)
5. Same as 3 (Part E)
6. All-thread, 1.11” length, 0.245” diameter (Part F)
7. 100 lb force transducer, S-type (Part G)
8. Same as 6 (Part H)
9. Top arm, inserts into hip component (Part I)
B. Assembly
1. Assemble the apparatus by screwing components together bottom to
top (2 screws onto 1, 3 screws onto 2, 4 screws onto 3, etc.)
2. Place the apparatus into the machine (Fig. A-3) with 1 set in the ankle
component and 9 in the hip, using the offset buttons on front panel to
move the frame up and down to accommodate the height of the
apparatus
3. NOTE: Do not put too much compression on the load cell with the
offset; bring the apparatus up so that the top arm is inside the hole but
not all the way up, using the offset to compress can increase the force
very quickly and may damage the load cell
C. Amplifier Card Replacement
1. Make sure the machine is turned off, then on the back of the machine,
remove the amplifier card for A/P force from slot J and replace it with
the 500 lb transducer amplifier card labeled “500# TRANSAMP
G=333”
2. Remove the amplifier card for quadriceps force from slot A and replace
it with the 100 lb transducer amplifier card labeled “100#
TRANSAMP”
3. Plug the 500 lb transducer cord into the front panel of the machine
4. Unplug the quadriceps force transducer (plug H) from the back of the
machine and replace with the 100 lb transducer plug
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5. The 500 lb load cell is used as the standard because it is traceable to the
company standard and guaranteed calibrated
II. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – 05-21-2010” and click open
B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
2. The maximum output for each channel is 2047, so for the 500 lb
transducer the corrected value should be 500 lbs or 2224 Newtons and
for the 100 lb transducer 100 lbs or 445 Newtons
3. The load cell reads compression as negative, so the new constant for
the 500 lb transducer must be -2224/2047 = -1.086
4. The new constant for the 100 lb transducer must be -444.8/2047 = 0.2171
5. To access the block diagram in LabView, select WindowShow
Diagram
6. The uppermost small block inside the main large block is the AD
Channel block
7. Click the arrow to change this block number to 4 for the A/P Force
channel
8. Highlight the A/P Force constant, 0.0644125, and change it to -1.086,
then press enter
9. NOTE: This must be done any time the 500 lb transducer amplifier is
used
10. Click the arrow to change the block number to 8 for the quadriceps
force channel
11. Highlight the quadriceps force constant, 1.3574, and change it to 0.2171, then press enter
12. Close the block diagram window
III. Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Turn on the Air
1. The body weight is controlled by a pneumatic cylinder which needs air
pressure
2. Directly behind the knee machine in the corner above the counter there
is an air outlet; attach the clear hose from this outlet into the air input
of the knee machine, located at the rear bottom part of the frame
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3. The key to the air pump closet is hanging on the front top of the large
freezer in the other portion of the Biomechanics Lab, directly across
from the MTS; it is a gold key with 1D-2 on one side
4. The pump closet is directly to the left after exiting the Biomechanics
Lab
5. On the middle of the air pump beside the two gages is a red switch;
flip this switch towards the back of the machine to turn on the pump
6. The tank pressure gage will begin to increase; as this value gets higher,
turn the black knob beside the outlet gage clockwise to increase the
outlet pressure
7. When the outlet pressure gage reaches ~90 psi stop turning the black
knob; the machine may continue to run but will cut off when the tank
pressure reaches 125 psi
8. Make sure the lever on the outlet is turned parallel to the outlet hose
9. NOTE: Before turning the lever on the air connection hose behind the
knee machine, hold the decrease body weight button on the front panel
with the machine turned on. If this value is high, when the air is turned
on it might cause the frame to shoot up and cause damage
10. Turn the air on to the machine by turning the lever on the connection
in the Biomechanics Lab so it is parallel with the hose
C. Fine Tune the 100 lb Transducer Amplifier Card
1. Lock the hip flexion, the sliding medial/lateral component, and the
rotational plate
2. Increase the body weight with the buttons on the front panel; watch the
LabView output so it doesn’t increase too quickly or the frame may
shoot upwards
3. When the force reaches around 440 Newtons, compare the outputs of
the A/P force and the quadriceps force in LabView
4. Change the quadriceps force (100 lb. transducer) output to equal the
A/P force (500 lb. transducer) output by turning the screw on the FINE
SPAN potentiometer on the 100 lb transducer amplifier card in slot A
whichever way the output value needs to go
5. When these values are near equal, the 100 lb transducer is calibrated
IV. Data Collection and File Transfer
A. Data Collection
1. To collect data, click Save Data to File, then enter the file name
2. When enough data is taken, click Stop Saving Data
3. After a data file is saved, go back to the block diagram and change the
constant in the A/P Force channel back to 0.0644125
4. Change the constant in the quadriceps force channel back to 1.3574
and close LabView
B. File Transfer
1. To read the data file and make any graphs, it must be transferred to
another computer, preferably a PC with Microsoft Excel
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2. On the Mac computer, start file sharing by selecting the Apple
iconAutomated TasksStart File SharingOK in the upper left
corner of the main screen
3. To access the data file, double click the Knee HD icon on the desktop
4. The file will be under LabVIEW3.0.1/11/24; drag it upwards into the
folder “sharing”, under “desktop-files”
5. On the PC, open My Computer and click on Entire Network; open
Miramar AppleTalk and select knee machine
C. Closing Down
1. As previously stated, make sure that the constant for the A/P Force
channel is changed back to its original value, 0.0644125, and that the
constant for the quadriceps force channel is changed back to its
original value, 1.3574, if not already done
2. With the machine powered off, take the 500 lb transducer amplifier
card out of the A/P force slot J and replace it with the A/P force
amplifier card
3. Take the 100 lb transducer amplifier card out of slot A and replace it
with the quadriceps force amplifier card
4. Unplug the 100 lb transducer from H and plug the quadriceps
transducer back in
5. Make sure the Macintosh computer is turned off
6. Turn the lever on the air connection to perpendicular to shut the air off
7. Flip the red switch on the air pump back towards the front of the
machine
8. Release the outlet pressure by turning the black knob counterclockwise
9. Disconnect the air hose from the knee machine and return it to a curled
position beside the outlet
D. Example Calibration
1. Placed 440 Newtons of body weight on the apparatus; the outputs of
the 100 lb load cell and the 500 lb load cell were about 10 Newtons
apart
2. Adjusted fine gain so the two outputs were within 2 Newtons
3. Put apparatus through two load cycles while collecting data
4. Graphed output of 500 lb load cell against output of 100 lb load cell,
with a correlation coefficient of 1 (Fig. A-1)
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Figure A-1. Calibration curve for the 100 lb. load cell. Graph is 100 lb. transducer
output in Newtons vs. 500 lb. load cell output.

Figure A-2. Parts list for the 100 lb. load cell calibration apparatus.
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Figure A-3. 100 lb. calibration apparatus in the knee machine.
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BODY WEIGHT TRANSDUCER
Standard Operating Practice for Calibration of Body Weight Transducer on Memphis
Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the body weight force transducer on the Memphis Knee
Simulator
V. Calibration Apparatus Setup
A. Parts List (Fig. A-5)
1. Bottom arm, rests in ankle component (Part A)
2. All-thread, 0.869” length, 0.245” diameter (Part B)
3. All-thread with hole in center for 2 and 6, 0.493” diameter, 0.44”
length (Part C)
4. 500 lb Revere force transducer, S-type (Part D)
5. Same as 3 (Part E)
6. All-thread, 1.11” length, 0.245” diameter (Part F)
7. Top arm, inserts into hip component (Part G)
B. Assembly
1. Assemble the apparatus by screwing components together bottom to
top (2 screws onto 1, 3 screws onto 2, 4 screws onto 3, etc.)
2. Place the apparatus into the machine (Fig. A-6) with 1 set in the ankle
component and 7 in the hip, using the offset buttons on front panel to
move the frame up and down to accommodate the height of the
apparatus
3. NOTE: Do not put too much compression on the load cell with the
offset; bring the apparatus up so that the top arm is inside the hole but
not all the way up, using the offset to compress can increase the force
very quickly and may damage the load cell
C. Amplifier Card Replacement
1. Make sure the machine is turned off, then on the back of the machine,
remove the amplifier card for A/P force from slot J and replace it with
the 500 lb transducer amplifier card labeled “500# TRANSAMP
G=333”
2. Plug the 500 lb transducer cord into the front panel of the machine,
then turn the machine on
3. The 500 lb load cell is used as the standard because it is traceable to the
company standard and guaranteed calibrated
VI. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
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VII.

2. The maximum output for each channel is 2047, so for the 500 lb
transducer the corrected value should be 500 lbs or 2224 Newtons
3. The load cell reads compression as negative, so the new constant must
be -2224/2047 = -1.086
4. To access the block diagram in LabView, select WindowShow
Diagram
5. The uppermost small block inside the main large block is the AD
Channel block
6. Click the arrow to change this block number to 4 for the A/P Force
channel
7. Highlight the A/P Force constant, 0.0644125, and change it to -1.086,
then press enter
8. NOTE: This must be done any time the 500 lb transducer amplifier is
used
9. Close the block diagram window
Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Turn on the Air
1. The body weight is controlled by a pneumatic cylinder which needs air
pressure
2. Directly behind the knee machine in the corner above the counter there
is an air outlet; attach the clear hose from this outlet into the air input
of the knee machine, located at the rear bottom part of the frame
3. The key to the air pump closet is hanging on the front top of the large
freezer in the other portion of the Biomechanics Lab, directly across
from the MTS; it is a gold key with 1D-2 on one side
4. The pump closet is directly to the left after exiting the Biomechanics
Lab
5. On the middle of the air pump beside the two gages is a red switch;
flip this switch towards the back of the machine to turn on the pump
6. The tank pressure gage will begin to increase; as this value gets higher,
turn the black knob beside the outlet gage clockwise to increase the
outlet pressure
7. When the outlet pressure gage reaches ~60 psi stop turning the black
knob; the machine may continue to run but will cut off when the tank
pressure reaches 125 psi
8. Make sure the lever on the outlet is turned parallel to the outlet hose
9. NOTE: Before turning the lever on the air connection hose behind the
knee machine, hold the decrease body weight button on the front panel
with the machine turned on. If this value is high, when the air is turned
on it might cause the frame to shoot up and cause damage
10. Turn the air on to the machine by turning the lever on the connection
in the Biomechanics Lab so it is parallel with the hose
C. Fine Tune the Body Weight Amplifier Card
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1. Make sure that the rotational plate and sliding components on the
ankle are locked
2. Increase the body weight with the buttons on the front panel; watch the
LabView output so it doesn’t increase too quickly or the frame may
shoot upwards
3. When the force reaches around 450 Newtons, compare the outputs of
the A/P force and the body weight in LabView
4. NOTE: At zero loading conditions the body weight will read more
than the 500 lb load cell because the calibration apparatus weighs
about 2.5 lbs or 10 Newtons
5. Change the body weight output to equal the A/P force (500 lb.
transducer) output by turning the screw on the FINE SPAN
potentiometer on the body weight amplifier card in slot G whichever
way the output value needs to go
6. When these values are near equal, the body weight transducer is
calibrated
VIII. Data Collection and File Transfer
A. Data Collection
1. To collect data, click Save Data to File, then enter the file name
2. When enough data is taken, click Stop Saving Data
3. After a data file is saved, go back to the block diagram and change the
constant in the A/P Force channel back to 0.0644125; then close the
LabView program
B. File Transfer
1. To read the data file and make any graphs, it must be transferred to
another computer, preferably a PC with Microsoft Excel
2. On the Mac computer, start file sharing by selecting the Apple
iconAutomated TasksStart File SharingOK in the upper left
corner of the main screen
3. To access the data file, double click the Knee HD icon on the desktop
4. The file will be under LabVIEW3.0.1/11/24; drag it upwards into the
folder “sharing”, under “desktop-files”
5. On the PC, open My Computer and click on Entire Network; open
Miramar AppleTalk and select knee machine
C. Closing Down
1. As previously stated, make sure that the constant for the A/P Force
channel is changed back to its original value, 0.0644125
2. With the machine powered off, take the 500 lb transducer amplifier
card out of the A/P force slot J and replace it with the A/P force
amplifier card
3. Make sure the Macintosh computer is turned off
4. Turn the lever on the air connection to perpendicular to shut the air off
5. Flip the red switch on the air pump back towards the front of the
machine
6. Release the outlet pressure by turning the black knob counterclockwise
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7. Disconnect the air hose from the knee machine and return it to a curled
position beside the outlet
D. Example Calibration
1. Placed a 450 Newtons of body weight on the apparatus; the outputs of
body weight and the 500 lb load cell were about 20 Newtons apart
2. Adjusted fine gain so the two outputs were within 2 Newtons
3. Put apparatus through two load cycles while collecting data
4. Graphed output of 500 lb load cell against output of body weight, with
a correlation coefficient of 0.9984 (Figure A-4)
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Figure A-4. Body weight calibration curve. Output of body weight transducer in
Newtons vs. output of 500 lb. load cell in Newtons.
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Figure A-5. Body weight calibration apparatus.

Figure A-6. Body weight calibration apparatus in knee machine.
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QUADRICEPS FORCE TRANSDUCER
Standard Operating Practice for Calibration of Quadriceps Transducer on Memphis
Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the quadriceps force transducer on the Memphis Knee
Simulator
IX. Calibration Apparatus Setup
A. Parts List (Fig. A-8)
1. Bottom arm, rests in ankle component (Part A)
2. All-thread, 0.869” length, 0.245” diameter (Part B)
3. All-thread with hole in center for 2 and 6, 0.493” diameter, 0.44”
length (Part C)
4. 500 lb Revere force transducer, S-type (Part D)
5. Same as 3 (Part E)
6. All-thread, 1.11” length, 0.245” diameter (Part F)
7. Top arm, inserts into hip component (Part G)
8. Same as 6 (Part H)
9. Wire Holder (Part I)
10. 0.25” dowel pin (Part J)
11. Wire (Part K)
B. Assembly
1. Assemble the apparatus by attaching 1 and 7 using 6, and then screw
together 2 through 9.
2. Lock the wire into 9 with the dowel pin 10
3. Place the apparatus into the machine (Fig. A-9) with 1 set in the ankle
component and 7 in the hip, using the offset buttons on front panel to
move the frame up and down to accommodate the height of the
apparatus
4. Attach the quadriceps clamp of the machine to 11, placing the 500 lb
load cell under tension
C. Amplifier Card Replacement
1. Make sure the machine is turned off, then on the back of the machine,
remove the amplifier card for A/P force from slot J and replace it with
the 500 lb transducer amplifier card labeled “500# TRANSAMP
G=333”
2. Plug the 500 lb transducer cord into the front panel of the machine,
then turn the machine on
3. The 500 lb load cell is used as the standard because it is traceable to the
company standard and guaranteed calibrated
X. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
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B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
2. The maximum output for each channel is 2047, so for the 500 lb
transducer the corrected value should be 500 lbs or 2224 Newtons
3. The load cell reads tension as positive, so the new constant must be
2224/2047 = 1.086
4. To access the block diagram in LabView, select WindowShow
Diagram
5. The uppermost small block inside the main large block is the AD
Channel block
6. Click the arrow to change this block number to 4 for the A/P Force
channel
7. Highlight the A/P Force constant, 0.0644125, and change it to 1.086,
then press enter
8. NOTE: This must be done any time the 500 lb transducer amplifier is
used
9. Close the block diagram window
XI. Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fine Tune the Quadriceps Amplifier Card
1. Making sure the quadriceps clamp is as tight as possible on the wire,
increase the quadriceps force by turning the hydraulic crank clockwise
2. When the force reaches around 2000 Newtons, compare the outputs of
the A/P force and the quadriceps force in LabView
3. Change the quadriceps force output to equal the A/P force (500 lb.
transducer) output by turning the screw on the FINE SPAN
potentiometer on the quadriceps amplifier card in slot A whichever
way the output value needs to go
4. When these values are near equal, the quadriceps force transducer is
calibrated
XII.
Data Collection and File Transfer
A. Data Collection
1. To collect data, click Save Data to File, then enter the file name
2. When enough data is taken, click Stop Saving Data
3. After a data file is saved, go back to the block diagram and change the
constant in the A/P Force channel back to 0.0644125; then close the
LabView program
B. File Transfer
1. To read the data file and make any graphs, it must be transferred to
another computer, preferably a PC with Microsoft Excel
2. On the Mac computer, start file sharing by selecting the Apple
iconAutomated TasksStart File SharingOK in the upper left
corner of the main screen
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3. To access the data file, double click the Knee HD icon on the desktop
4. The file will be under LabVIEW3.0.1/11/24; drag it upwards into the
folder “sharing”, under “desktop-files”
5. On the PC, open My Computer and click on Entire Network; open
Miramar AppleTalk and select knee machine
C. Closing Down
1. As previously stated, make sure that the constant for the A/P Force
channel is changed back to its original value, 0.0644125
2. With the machine powered off, take the 500 lb transducer amplifier
card out of the A/P force slot J and replace it with the A/P force
amplifier card
3. Make sure the Macintosh computer is turned off
D. Example Calibration
1. Placed a 2000 Newtons of quadriceps force on the apparatus; the
outputs of quadriceps force and the 500 lb load cell were about 10
Newtons apart
2. Adjusted fine gain so the two outputs were within 2 Newtons
3. Put apparatus through two load cycles while collecting data
4. Graphed output of 500 lb load cell against output of quadriceps force,
with a correlation coefficient of 0.9997 (Fig. A-7)
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Figure A-7. Calibration curve for quadriceps transducer. Quadriceps Transducer
output in Newtons vs. 500 lb. load cell output in Newtons.
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Figure A-8. Quadriceps calibration apparatus parts list.
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Figure A-9. Quadriceps calibration apparatus in the knee machine. Quadriceps
clamp is attached to the wire, putting tension on the load cell.
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A/P FORCE TRANSDUCER
Standard Operating Practice for Calibration of Anterior/Posterior Force Transducer
Using Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the A/P force transducer using the Memphis Knee
Simulator
XIII. Calibration Apparatus Setup
A. Parts List
1. A/P Force Arm
2. T-Handle
3. 100 lb. load cell
B. Assembly
1. Assemble the apparatus by screwing the T-handle into one side of the
100 lb. load cell
2. Tighten the screws on the A/P arm all the way down around the other
side of the load cell (Fig. A-11)
3. The purpose is to push/pull the T-handle on one side of the load cell
and the A/P arm on the other to measure the force
C. Amplifier Card Replacement
1. Remove the amplifier card for quadriceps force from slot A and
replace it with the 100 lb transducer amplifier card labeled “100#
TRANSAMP”
2. Unplug the quadriceps force transducer (plug H) from the back of the
machine and replace with the 100 lb transducer plug
XIV. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 8-11-2010” and click open
B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
2. The maximum output for each channel is 2047, so for the 100 lb
transducer it should be 100 lbs or 445 Newtons
3. The new constant for the 100 lb transducer must be -444.8/2047 = 0.2171
4. To access the block diagram in LabView, select WindowShow
Diagram
5. Click the arrow to change the block number to 8 for the quadriceps
force channel
6. Highlight the quadriceps force constant, 1.3574, and change it to 0.2171, then press enter
7. Close the block diagram window
XV.
Calibration
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A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fine Tune the A/P Force Amplifier Card
1. Have one person hold the T-handle and the other person hold the A/P
arm
2. Have the person holding the A/P arm push slowly on the transducer
until the A/P Force value reaches 60 Newtons, then pull back until A/P
Force reaches -60 Newtons
3. Check the output of the quadriceps force and A/P at +/- 60 Newtons to
see how close they are
4. If the outputs are very different, manually turn the FINE SPAN screw
on the A/P force amplifier card in slot J until the values are equal
XVI. Data Collection and File Transfer
A. Data Collection
1. To collect data, click Save Data to File, then enter the file name
2. When enough data is taken, click Stop Saving Data
3. Change the constant in the quadriceps force channel back to 1.3574
and close LabView
B. File Transfer
1. To read the data file and make any graphs, it must be transferred to
another computer, preferably a PC with Microsoft Excel
2. On the Mac computer, start file sharing by selecting the Apple
iconAutomated TasksStart File SharingOK in the upper left
corner of the main screen
3. To access the data file, double click the Knee HD icon on the desktop
4. The file will be under LabVIEW3.0.1/11/24; drag it upwards into the
folder “sharing”, under “desktop-files”
5. On the PC, open My Computer and click on Entire Network; open
Miramar AppleTalk and select knee machine
C. Closing Down
1. As previously stated, make sure that the constant for the quadriceps
force channel is changed back to its original value, 1.3574, if not
already done
2. Take the 100 lb transducer amplifier card out of slot A and replace it
with the quadriceps force amplifier card
3. Unplug the 100 lb transducer from H and plug the quadriceps
transducer back in
4. Make sure the Macintosh computer is turned off
D. Example Calibration
1. Placed +/- 60 Newtons of force on the 100 lb. transducer using the A/P
arm
2. Adjusted fine gain so the two outputs were within 2 Newtons
3. Put apparatus through a load cycle while collecting data
4. Graphed output of A/P Force against output of 100 lb load cell, with a
correlation coefficient of 0.9877 (Fig. A-10)
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Figure A-10. Calibration curve for A/P Force Transducer. Graph is A/P Force
Transducer output in Newtons vs. 100 lb. load cell output in Newtons.

Figure A-11. Calibration apparatus setup for A/P Force transducer.
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ROTATIONAL TORQUE TRANSDUCER
Standard Operating Practice for Calibration of Rotational Torque Transducer on
Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the rotational torque transducer on the Memphis Knee
Simulator
XVII. Calibration Apparatus Setup
A. Parts List
1. 1.25”x 4” rectangular calibration plate
2. 4 ¼-20 x 5/8 socket cap screws
3. Torque wrench with 7/16” socket
B. Assembly
1. Attach the calibration plate to the circular plate on top of the ankle
component using the 4 screws (Fig. A-13)
XVIII. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
2. The maximum output for each channel is 2047, and the torque
transducer produces a max of 100 lbs. The torque diameter of the
rotation wheel in the ankle component is 1.5625 in., so the max torque
is 100*1.5625 = 156.25 in-lb. That value in N-m is 156.25*0.112979
(N-m/in-lb) = 17.653. To read 17.653 N-m at 2047 raw output, the
new constant must be 17.653/2047 = 0.00862.
3. To access the block diagram in LabView, select WindowShow
Diagram
4. The uppermost small block inside the main large block is the AD
Channel block
5. Click the arrow to change this block number to 5 for the Rotational
Torque channel
6. Change the Rotational Torque constant to 0.00862 if it has not already
been changed
7. Close the block diagram window
XIX. Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fine Tune the Rotational Torque Amplifier Card
1. To calibrate the rotational torque transducer, use the torque wrench to
apply a range of -70 to 70 in-lbs in increments of 10 (Fig. A-14). Have
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XX.

one person apply the torque and the other record the raw data value
and corrected data output at each increment. Three values should be
taken for each increment and averaged to prevent user error
2. The max output of the rotational torque transducer is 100 lb. The max
for the calibration is 70 in-lbs, or 70/1.5625 = 44.8 lbs. At 44.8 lbs
there should be a raw data output of (44.8/100)*2047 = 917.
3. Look at the raw values recorded from -70 and 70 in-lbs. If they are the
same difference from 917 (-867 and 967, a difference of +50, for
example) then there is an offset problem, so change to offset by
turning the screw on the Output Offset potentiometer on the rotational
torque amplifier card in slot C
4. If the values are opposite differences (-867 and 867, a difference of +
50 and -50, for example) then there is a gain problem, which can be
fixed by turning the screw on the Fine Span potentiometer on the
amplifier card in slot C
5. Once the values for -70 and 70 in-lbs are as close to -917 and 917 as
possible, the transducer is calibrated
Data Collection
A. Data Collection
1. For this calibration the data is collected manually. One person can
apply torque in the different increments and the other person can read
and record the values from the LabView program
B. Example Calibration
1. Applied torque to the calibration plate with the torque wrench over a
range of -70 to 70 in-lbs in increments of 10. The values at -70 and 70
were about -840 and 831, respectively. Adjusted the Fine Span
potentiometer until these values were about -925 and 930.
2. Repeated step 1 and recorded values, taking 3 measurements at each
increment and averaging
3. Converted torque input values to N-m and graphed vs. rotational
torque output (N-m) from the machine with a correlation coefficient of
0.9995 (Fig. A-12)
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Figure A-12. Calibration curve for Rotational Torque transducer. Graph is
rotational torque output vs. input from torque wrench, both in Newton-meters.

Figure A-13. Rotational torque calibration apparatus attached to the rotational
plate.
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Figure A-14. Torque wrench being used to calibrate rotational torque transducer.
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VARUS/VALGUS FORCE TRANSDUCER
Standard Operating Practice for Calibration of Varus/Valgus Force Transducer Using
Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the V/V force transducer using the Memphis Knee
Simulator
XXI. Calibration Apparatus Setup
A. Parts List
1. 100 lb. load cell
B. Assembly
1. Place the 100 lb. load cell in between the sliding ankle component and
the left side of the bottom arm, next to the varus/valgus force
transducer
2. Slide the component so it puts enough pressure on the load cell to hold
it there, then lock the sliding component (Fig. A-16)
C. Amplifier Card Replacement
1. Remove the amplifier card for quadriceps force from slot A and
replace it with the 100 lb transducer amplifier card labeled “100#
TRANSAMP”
2. Unplug the quadriceps force transducer (plug H) from the back of the
machine and replace with the 100 lb transducer plug
XXII. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – varus valgus test-10-22-2010” and click open
B. Calculating and Changing Constant
1. The output from each channel of the knee machine gets multiplied by a
constant to get the correct value
2. The maximum output for each channel is 2047, so for the 100 lb
transducer it should be 100 lbs or 445 Newtons
3. The new constant for the 100 lb transducer must be -444.8/2047 = 0.2171
4. To access the block diagram in LabView, select WindowShow
Diagram
5. Click the arrow to change the block number to 8 for the quadriceps
force channel
6. Highlight the quadriceps force constant, 1.3574, and change it to 0.2171, then press enter
7. Close the block diagram window
XXIII. Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
95

B. Fine Tune the V/V Force Amplifier Card
1. Slowly turn the varus/valgus crank to compress the load cell
2. NOTE: It is important to do this slowly as too much load could
damage the cell
3. This version of the program outputs raw data through the varus/valgus
torque channel
4. The limit of the varus/valgus force transducer should be 100 lbs. or
444.8 N, because we are calibrating with a 100 lb load cell.
5. This means that at full scale output of 2047 raw the corrected force
output should be 444.8 N. The constant to convert raw data to
varus/valgus force should be 444.8/2047 = 0.21729
6. Keeping a close watch on the quadriceps force output, put 300
Newtons of force on the load cell
7. When the quadriceps force/load cell output is 300 the raw varus/valgus
force data should be 300/0.21729 = 1380
8. If the raw output is off, turn the screw in the FINE SPAN on the
varus/valgus force amplifier card in slot E whichever way it needs to
go
XXIV. Data Collection and File Transfer
A. Data Collection
1. To collect data, click Save Data to File, then enter the file name
2. When enough data is taken, click Stop Saving Data
3. Change the constant in the quadriceps force channel back to 1.3574
and close LabView
B. File Transfer
1. To read the data file and make any graphs, it must be transferred to
another computer, preferably a PC with Microsoft Excel
2. On the Mac computer, start file sharing by selecting the Apple
iconAutomated TasksStart File SharingOK in the upper left
corner of the main screen
3. To access the data file, double click the Knee HD icon on the desktop
4. The file will be under LabVIEW3.0.1/11/24; drag it upwards into the
folder “sharing”, under “desktop-files”
5. On the PC, open My Computer and click on Entire Network; open
Miramar AppleTalk and select knee machine
C. Closing Down
1. As previously stated, make sure that the constant for the quadriceps
force channel is changed back to its original value, 1.3574, if not
already done
2. Take the 100 lb transducer amplifier card out of slot A and replace it
with the quadriceps force amplifier card
3. Unplug the 100 lb transducer from H and plug the quadriceps
transducer back in
4. Make sure the Macintosh computer is turned off
D. Example Calibration
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1. Placed 300 Newtons of force on the 100 lb. transducer by compressing
it with the varus/valgus sliding component
2. Adjusted fine gain so the two outputs were within 2 Newtons
3. Put apparatus through a load cycle while collecting data
4. Graphed output of V/V Force against output of 100 lb load cell, with a
correlation coefficient of 0.9877 (Fig. A-15)
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Figure A-15. Calibration curve for varus/valgus force transducer. Graph is
varus/valgus transducer output in Newtons vs. 100 lb. load cell output in Newtons.
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Figure A-16. Picture of 100 lb. load cell in between the varus/valgus transducer and
the sliding medial/lateral component.
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ROTATIONAL ANGLE POTENTIOMETER
Standard Operating Practice for Calibration of Rotational Angle Potentiometer on
Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the rotational angle potentiometer on the Memphis Knee
Simulator
XXV. Calibration Apparatus Setup
A. Parts List
1. The only part needed for this calibration is a 30-60-90 triangle
XXVI. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
XXVII.
Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fix the Rotational Angle Coefficient
1. This can be done by one person. First, watch the LabView output
screen and turn the rotational crank on the front of the ankle until the
output is as close to zero as possible. Clockwise increases the angle
and counterclockwise decreases it
2. When the rotational angle value reads zero, rest the 30-60-90 triangle
on the circular ankle plate with the 30º angle pointing towards the
machine.
3. For positive angle testing, make the long side flush with the right side
of the ankle box and the hypotenuse facing left. Turn the crank
clockwise until the hypotenuse becomes parallel with the
medial/lateral sides of the ankle box. This is 30º, so record the output
from the computer
4. Turn the angle back down to zero, then for negative angle testing, turn
the triangle over and make the long side flush with the left side of the
ankle box and the hypotenuse facing right. Turn the crank
counterclockwise until the hypotenuse is parallel with the
medial/lateral sides of the box. This is -30º, so record the output from
the computer
5. Repeat steps 1-4 three or more times as there is some human error
involved with these calculations
6. Take averages of the outputs for each angle and find their average
difference from zero. This can be done by subtracting the negative
angle from the positive and dividing by 2
7. NOTE: If the value from step 6 is close enough to 30, the constant is
correct so data can be taken. STOP.
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8. To access the block diagram in LabView, select WindowShow
Diagram
9. The uppermost small block inside the main large block is the AD
Channel block
10. Click the arrow to change this block number to 1 for the Rotational
Angle channel
11. Use the value from step 6 (x) and the current rotational angle constant
in the following equation: current constant*(30/x) = new constant.
Replace the current constant with the new one and press enter. Close
the block diagram window
XXVIII.
Data Collection
A. Data Collection
1. For this calibration the data is collected manually. One person can
repeat steps 1-5 from section III.B.
B. Example Calibration
1. Used the 30-60-90 triangle and rotated the ankle plate to -30º and 30º.
Took three measurements from each configuration and averaged
2. Found that the average difference from zero was 28.19º. Multiplied the
current constant of 0.024414 by (30/28.19) to get a new constant of
0.025982
3. After constant correction, took data again as in step 1 and found the
two averages to be -29.93º and 30.23º
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VARUS/VALGUS ANGLE POTENTIOMETER
Standard Operating Practice for Calibration of Varus/Valgus Angle Potentiometer on
Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the varus/valgus angle potentiometer on the Memphis
Knee Simulator
XXIX. Calibration Apparatus Setup
A. Parts List
1. The only part needed for this calibration is the Johnson Magnetic
Angle Locator (resolution of 1º)
XXX. Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
XXXI. Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fix the Varus/Valgus Angle Offset
1. Manually record 3 values each from the varus/valgus angle output in
LabView for angles in increments of 5º from -15º to 15º
2. Take averages of the 3 outputs for each angle and compare to their
expected values. Calculate the differences between expected and
measured for each test angle and average; this average is the offset
3. To access the block diagram in LabView, select WindowShow
Diagram
4. The uppermost small block inside the main large block is the AD
Channel block
5. Click the arrow to change this block number to 2 for the Varus/Valgus
Angle channel
6. There are two triangles, one for multiplication and the other for
addition. Change the number in the numeric box wired to the addition
triangle to balance the offset from step 2
XXXII.
Data Collection
A. Data Collection
1. For this calibration the data is collected manually. One person can
move the ankle component to the various angles and the other person
can read and record the values from the LabView program
B. Example Calibration
1. Put the ankle component in different varus/valgus angle configurations
from -15º to 15º in increments of 5. Took three measurements from
each configuration and averaged
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2. Found that the average difference between measured and expected was
about -3.76. Added 3.76 to the output value in the block diagram to
correct the offset
3. After offset correction, took data again in increments of 5º and
graphed input angle vs. output angle and got a correlation coefficient
of 0.9997 (Fig. A-17)
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Figure A-17. Calibration curve for varus/valgus angle. Graph shows varus/valgus
angle output in degrees vs. the known angle input in degrees.
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FLEXION ANGLE POTENTIOMETER
Standard Operating Practice for Calibration of Hip and Ankle Flexion Angle
Potentiometers on Memphis Knee Simulator
Purpose:
This describes the standard procedure for setting up and performing a
calibration of the hip and ankle flexion angle potentiometers on the
Memphis Knee Simulator
XXXIII.
Calibration Apparatus Setup
A. Parts List
1. There are two triangles needed for this calibration: the 30-60-90
triangle and the 45-45-90 triangle
2. The only other part needed is a level or a square
XXXIV.
Computer Setup
A. Loading LabView User Interface
1. Power on the Macintosh computer
2. Double-click the file on the desktop, “Knee Machine (REW)
08042009.llb”
3. In the box that appears, scroll down and select “Knee Machine – fix
Diagram – linear ankle 08-11-2010” and click open
XXXV.
Calibration
A. Run the Program
1. Click the white run arrow, the first icon on the LabView user interface
toolbar, then click the Start Data Acquisition button
B. Fix the Flexion Angle Offset
1. First, make sure that the machine is outputting zero flexion angle when
the flexion angle is actually zero
2. There is no way to fully lock the ankle flexion component. The best
thing to do is try to stabilize it at a level condition so it will stay in
zero degrees flexion.
3. NOTE: It is helpful to have two people for this portion. The hip
flexion can be locked by a socket cap screw on the inner left portion of
the hip arm. Hold the level or square flush against the hip component
and lock the screw at 0º.
4. At this point read the flexion angle output on the LabView interface.
Since both components are locked at 0º, any difference in the output
from that is just offset. The offset can be changed on the potentiometer
on the board in slot L
C. Change the Gain to Fit the Needs of the Study
1. Using the triangles, unlock the hip flexion and check the output at 90°.
2. At this point read the raw output for flexion, which will be channel 10.
Don’t pay attention to the corrected output as the constant can be fixed
later on.
3. It can be assumed that the testing on this machine will not exceed 130º
of flexion, so this would be a good angle to have the flexion output
saturate. This means at 130º the raw output should read 2047.
4. Using the equation (130/2047 = 90/x) calculate x, which will be about
1417. Since the angle is locked at 90º, change the gain on the amplifier
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in slot L by rotating the screw on the Flex Gain potentiometer
whichever way the raw value needs to go (it helps to have two people
so one person can read the data while the other works on the amplifier
card)
D. Change the Constant if Needed
1. Now that the gain has been set, look at the corrected output value. It
should be 90. If not, the constant needs to be changed.
2. To access the block diagram in LabView, select WindowShow
Diagram
3. The uppermost small block inside the main large block is the AD
Channel block
4. Click the arrow to change this block number to 10 for the Flexion
Angle channel
5. Using the equation (raw data)*(constant) = 90, calculate the new
constant. In the previous case the constant would be 0.063514. Change
the constant and press enter, then close down the block diagram
window
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APPENDIX B
POINT ACQUISITION
Each point was digitized three independent times by Dr. Mihalko so the averages could
be used for the program. The standard deviations for each x,y,z coordinate were
calculated. There were only two cases where the standard deviation was more than 2.5
millimeters (Tables B-1 and B-2).
Table B-1: Points taken for the Genesis II specimen. Coordinates are in meters and
with respect to the tibial and femoral reference arrays, respectively.
Tibia
x
Stdev x
y
Stdev y
z
Stdev z
Intercondylar
0.02607 0.00099 0.01136 0.00093 -0.1317 0.00112
Eminence
-0.0333 0.00078 -0.1439 0.00029 -0.0398 0.00196
Ankle Bone Cup
0.04581 0.00049 0.0002 0.00095 -0.1219 0.0012
Medial Plateau
0.00346 0.00089 0.00665 0.00054 -0.1421 0.00062
Lateral Plateau
Postero-medial
0.05161 0.00074 -0.0231 0.00028 -0.1329 0.00102
interface
Antero-medial interface 0.03445 0.00235 0.00529 0.00121 -0.0981 0.00024
Antero-lateral interface -0.0078 0.00216 0.01199 0.00129 -0.1206 0.00171
Postero-lateral interface 0.00316 0.00143 -0.0131 0.00014 -0.1572 0.00025
0.02153 0.00043 0.01463 0.00017 -0.1061 0.00046
Medial Locking
0.01326 0.00033 0.01589 5.8E-05 -0.1102 0.00021
Lateral Locking
Femur
Intercondylar Notch
Femoral Bone Cup
Posterior Medial
Condyle
Posterior Lateral
Condyle
Medial Epicondyle
Lateral Epicondyle
Postero-medial
Antero-medial
Antero-lateral
Postero-lateral

-0.0353 0.00278 0.03107 0.00146 -0.1471 0.00119
0.0412 0.00144 -0.1361 0.00053 -0.0511 0.00137
-0.0705 0.00144 0.01454 0.00215
-0.032
-0.0696
-0.0024
-0.0743
-0.0581
-0.0053
-0.0143

0.00028
0.00068
0.00047
0.00056
7.9E-05
0.00039
0.00058
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0.00576
0.0217
0.00516
0.03223
0.04373
0.035
0.02134

0.00141
0.00173
0.00141
0.00062
0.00066
0.00078
0.00194

-0.143 0.00227
-0.1745
-0.1083
-0.1651
-0.1332
-0.1238
-0.163
-0.1782

0.0003
0.00081
0.00118
0.00076
0.00046
0.00021
1E-04

Table B-2: Points taken for the Scorpio specimen. Coordinates are in meters and
with respect to the tibial and femoral reference arrays, respectively.
Tibia
x
Stdev x
y
Stdev y
z
Stdev z
Intercondylar
0.01951 0.00060302 0.01314 0.00083 -0.1288 0.00072
Eminence
-0.0533 0.00155866 -0.1614 0.0007 -0.0177 0.00075
Ankle Bone Cup
0.03396 0.00054372 -0.0059 0.00073 -0.1093 0.0011
Medial Plateau
-0.0012 0.00110959 -0.0054 0.00087 -0.1317 0.00044
Lateral Plateau
Postero-medial
0.04331 0.00020664 -0.0235 0.00164 -0.1101 0.00297
interface
Antero-medial
0.02833 0.00128974 -0.0009 0.00062 -0.0881 0.00074
interface
Antero-lateral
-0.0198 0.00124957 -0.0002 0.00083 -0.1211 0.00059
interface
Postero-lateral
-0.0067 0.00249644 -0.0224 0.00156 -0.1428 0.00127
interface
0.00789 0.00047181 0.01022 0.00014 -0.0989 7.9E-05
Medial Locking
-0.0011 0.00077888 0.00968 0.00036 -0.1066 0.00061
Lateral Locking
Femur
Intercondylar
Notch
Posterior Medial
Condyle
Posterior Lateral
Condyle
Medial Epicondyle
Lateral
Epicondyle
Postero-medial
Antero-medial
Antero-lateral
Postero-lateral
Femoral Bone Cup

-0.0367 0.00058813 0.00042 0.00085

-0.1202 0.00116

-0.0697 0.00139472

-0.0231 0.00489

-0.1032 0.00219

-0.0466 0.00145588
-0.0581 0.00154001

-0.0425 0.00076
-0.0166 0.00202

-0.1368 0.00093
-0.0797 0.00151

-0.026
-0.0701
-0.0552
-0.0278
-0.0405
0.24693

0.0011914 -0.0327 0.0009 -0.1506
0.00039323 -0.0048 0.00024 -0.0974
0.00032929 0.00948 0.00035 -0.0961
5.5678E-05 -0.0075 0.00028 -0.1485
0.00210605 -0.0244 0.00334 -0.1519
0.00057735 -0.3562 0.00046 0.16387
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0.0009
0.00087
0.00098
0.00064
0.00051
5.8E-05

APPENDIX C
MATLAB PROGRAM

NOTE: The Materials and Methods section of the Thesis must be read before this
Appendix. The mathematics and processes involved are described in that section.
This Appendix serves to supplement the thesis and provide insight into how the
Matlab program works.
Before running the Matlab program there are a few changes that the user must
make to the m-file grood.m. The first is defining the Excel file that the user wishes to
extract data from. NOTE: This version of the Matlab program works only with Excel 972003 files. Exporting the code into later versions of Matlab may make it compatible with
newer Excel files. The user can make this change in the code “data =
xlsread(‘filename.xls’). The name must be exact or the program will not run. Next the
user must make sure that this Excel file is in the same directory as the m-file and that this
is the current Matlab directory. If they are not in the same directory the program will not
run. The next thing is to define the direction of the working axes depending on whether
the specimen is a right or left knee. Working axes are calculated for the tibia and femur as
vectors between the tibial plateau centers and the femoral posterior condyles. This vector
needs to be positive to the right, so for a right knee it must be directed from the medial to
the lateral and vice versa for a left knee. These working axes are called fake_tibia_x for
the tibia and fake_femur_x for the femur. For a right knee, fake_tibia_x = tibia_4 –
tibia_3, which is lateral minus medial. If the specimen is a left knee the user must change
this to tibia_3 – tibia_4, and then do the same for fake_femur_x. These changes are made
in the user points input portion of the program for the tibia and femur. After these
changes have been made, the program can be run.
The Matlab program runs with a single m-file, grood.m. The program will
instruct the user to input points in the format [x,y,z]. The following points must be input
for the tibia: intercondylar eminence, ankle center, center of medial plateau, and center of
lateral plateau, as well as the baseplate orientation points. The z-axis of the tibia is
defined as the vector from the ankle center to the intercondylar eminence. The program
then defines the working axis for the tibia as the vector positive from left to right (for a
right knee). Once the program has the z-axis vector and the working axis vector it
calculates the y-axis (positive anterior) by taking the cross product of the z-axis with the
working axis. At this point the unit vectors for the z and y axes are calculated. The x-axis
(positive to the right) is defined as the cross product of the y-axis with the z-axis. At this
point the program has the unit vectors for the x, y, and z axes for the tibial body fixed
system. These are in the coordinate system of the tibial marker array. The next step is to
find the transformation matrix between the tibial marker array and the tibial body fixed
system.
There is only one reference array used in the point digitization program. The
reference array outputs points with respect to its own coordinate system. Therefore, the
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coordinate system for the reference array can be defined by using the points (1,0,0),
(0,1,0), and (0,0,1). The program then creates a transformation matrix which consists of
the dot products of axes of both systems, as well as a translation vector. A transformation
matrix typically consists of rotation matrix and a translation vector. The translation vector
for this transformation matrix is simply the x,y,z coordinates of the tibial origin, or
intercondylar eminence, in the tibial body fixed system. If the tibial body fixed system
unit vectors are (i,j,k) and the tibial marker array system unit vectors are (x,y,z) then the
transformation matrix is:

[Tt] =
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femoral transformation matrix is then created from the dot products of the femoral body
fixed and femoral array coordinate systems. The translation vector for this matrix is the
femoral origin multiplied by the rotation matrix of [Tf] and -1. This gives the origin of
the reference array in the femoral body fixed system and is necessary for order of
multiplication. If the femoral body fixed system unit vectors are (I,J,K) and the femoral
marker array system unit vectors are (x,y,z), then the transformation matrix is:

[Tf] =
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Therefore, for any points in the flexion column where the angle exceeds 90°, the user
must manually add 180° to these values. The anterior/posterior translations are also
affected by this sign convention and will invert as well. So at each flexion angle over 90°,
the user must also multiply the corresponding A/P translation value by -1. For the
results in this thesis, the A/P values were all then multiplied by -1 to display them as
femur with respect to tibia. The sign conventions to describe the angles are: for a right
knee, tibia with respect to femur, adduction/varus (-), abduction/valgus (+), internal
rotation (-), external rotation (+), flexion (+), extension (-). For a left knee, the signs for
varus/valgus and I/E rotation are reversed. The translations are all from the femur relative
to the tibia: lateral (+), medial (-), anterior (+), posterior (-), proximal (+), distal (-).
The m-file with more description follows:
%Created by: John Connor
%The following program has two specific aims. The first aim is to
%calculate time dependent knee kinematics from the relationship
between %the tibial and femoral body fixed axes of a knee
specimen. The second %aim is to track the motion of the
epicondyles and distal femur with %respect to the tibial
baseplate.
%
%
%The first aim is accomplished by a series of matrix
multiplications. %The user enters points digitized on the tibia
and femur. These points %are used to form the body fixed axes for
each bone. These matrices are %combined with a time dependent
relationship between the femoral and %tibial marker arrays
provided by Aesculap navigation software to %produce a
transformation matrix between the two body fixed axes. The %knee
angles and translations are determined at each time step from
%this transformation matrix.
%
%
%The second aim is accomplished by getting all the required
points into %the tibial body fixed coordinate system. The tibia
is viewed as fixed, %so the femoral points are multiplied by the
body fixed-to-body fixed %matrix at each time point to track
their changing position with %respect to the tibia.
%
%
%NOTE: Before running the program, the user must be sure to have
the
%correct Excel file listed in line 246 and the directions of the
body %fixed axes are set up according to the sign convention
(lines 65 and 186).

clear all
clc
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%The user must specify the Excel file here before the program is
run. %This m-file must be in the same directory as the Excel
file.
data = xlsread('activewoquad1_531R.xls');
if data < 0
error(['Could not open ',fname,' for input']);
end
%The next section begins the user input portion of the program.
The user is first prompted to enter the tibial points. These
points %are in the coordinate system of the Aesculap reference
array and were taken using the point acquisition program in the
method described in the thesis. The points must be entered in the
format [x, y, z]. Matlab reads this as a 1x3 matrix.
disp('First enter the tibial points as prompted')
disp('Enter points in the format [x,y,z]')
disp('Press any key to continue')
pause
%The following points are for defining the z and y axes of the
tibial body fixed coordinate system.
tibia_1 = input('Point midway on intercondylar eminence. This is
the tibial body fixed system origin: ');
tibia_2 = input('Center of ankle: ');
tibia_3 = input('Center of medial plateau: ');
tibia_4 = input('Center of lateral plateau: ');
%The following points are useful to track the motion of the
distal femur and femoral epicondyles.
tibia_5 = input('Postero-medial baseplate interface: ');
tibia_6 = input('Antero-medial baseplate interface: ');
tibia_7 = input('Antero-lateral baseplate interface: ');
tibia_8 = input('Postero-lateral baseplate interface: ');
%The last two tibial points apply only to a tibial tray with an
insert that locks into place. If the insert does not have a
locking mechanism, use whatever you see fit as the anterior
center of the tibial baseplate.
tibia_9 = input('Medial locking mechanism: ');
tibia_10 = input('Lateral locking mechanism: ');
%The origin for the tibial body fixed coordinate system is
defined to %be the intercondylar eminence. The variable
tibia_origin must be a transposed version of tibia_1 for later
matrix multiplication.
tibia_origin = [tibia_1(1,1);tibia_1(1,2);tibia_1(1,3)];
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%The tibial body fixed axes are now defined as in Grood and
Suntay. %Each axis is first defined as a vector between two
points and then %converted to a unit vector, because the Grood
and Suntay knee %kinematics are based on unit vectors.
%First the z-axis is defined to be the vector between the tibial
origin and the center of the ankle. mag refers to the magnitude
of the referenced variable (mag_tibia_z is the magnitude of
tibia_z).
tibia_z = tibia_1 - tibia_2;
mag_tibia_z =
sqrt((tibia_z(1,1)^2)+(tibia_z(1,2)^2)+(tibia_z(1,3)^2));
unit_tibia_z = (tibia_z)/(mag_tibia_z);
%This step needs to be changed depending on whether the specimen
is a %right or left knee. For a right knee, fake_tibia_x is
tibia_4 - %tibia_3, or lateral - medial, but for a left it needs
to be tibia_3 - %tibia_4 which is medial - lateral, because the
axis is positive to the right. The name of fake_tibia_x only
applies to the fact that it is a vector used for multiplication
and is in not an actual part of the tibial body fixed coordinate
system.
fake_tibia_x = tibia_4 - tibia_3;
%The y vector for the tibial body fixed system is calculating by
taking the cross product of the z axis and the line connecting
the centers of the tibial plateaus (fake_tibia_x).
tibia_y = cross(tibia_z, fake_tibia_x);
mag_tibia_y =
sqrt((tibia_y(1,1)^2)+(tibia_y(1,2)^2)+(tibia_y(1,3)^2));
unit_tibia_y = (tibia_y)/(mag_tibia_y);
%Finally, the x vector for the tibial body fixed coordinate
system is the cross product of the previously calculated y and z
axes.
unit_tibia_x = cross(unit_tibia_y, unit_tibia_z);
%At this point the unit vector coordinate system of the tibial
body %fixed axes has been established.
%We want the transformation matrix between the tibial reference
array %and the tibial body fixed coordinate system. There is no
need to digitize any points to %get the unit vectors for the
reference array, because it is the %reference. These points can
be defined as follows:
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t_array_z_lower = [0 0 0];
t_array_z_upper = [0 0 1];
t_array_y_front = [0 1 0];
t_array_y_back = [0 0 0];
%The vectors can then be calculated as follows:
t_array_z = t_array_z_upper - t_array_z_lower;
t_array_y = t_array_y_front - t_array_y_back;

mag_t_array_z =
sqrt((t_array_z(1,1)^2)+(t_array_z(1,2)^2)+(t_array_z(1,3)^2));
mag_t_array_y =
sqrt((t_array_y(1,1)^2)+(t_array_y(1,2)^2)+(t_array_y(1,3)^2));

unit_t_array_z = (t_array_z)/(mag_t_array_z);
unit_t_array_y = (t_array_y)/(mag_t_array_y);
unit_t_array_x = cross(unit_t_array_y, unit_t_array_z);
%At this point the program has the unit vectors for both the
tibial
%reference array and the tibial body fixed system, all in the
%coordinates of the tibial reference array. The rotation matrix
is %calculated by getting the dot products of these unit vectors:

A
B
C
D
E
F
G
H
I

=
=
=
=
=
=
=
=
=

dot(unit_t_array_x,
dot(unit_t_array_y,
dot(unit_t_array_z,
dot(unit_t_array_x,
dot(unit_t_array_y,
dot(unit_t_array_z,
dot(unit_t_array_x,
dot(unit_t_array_y,
dot(unit_t_array_z,

unit_tibia_x);
unit_tibia_x);
unit_tibia_x);
unit_tibia_y);
unit_tibia_y);
unit_tibia_y);
unit_tibia_z);
unit_tibia_z);
unit_tibia_z);

%The order of matrix multiplication in the program is very
particular;
%there is only one correct order in which the three
transformation %matrices must be multiplied to get the correct
tibial body fixed to %femoral body fixed matrix as the end
product.
%This is the transformation matrix from the tibial body fixed to
the %reference array, which means a point in the body fixed
coordinate %system can be multiplied with this matrix to get that
point in the %reference array coordinate system. It is based on
the dot products of the reference array and tibial body fixed
unit vectors. This is necessary for the order of multiplication.
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T_tibia = [A, D, G, tibia_origin(1,1); B, E, H,
tibia_origin(2,1); C, F, I, tibia_origin(3,1); 0,0,0,1];
%The second part of the program is viewing the epicondylar motion
and
%distal femur motion with respect to the tibial baseplate. To do
this %we must get the tibial baseplate interface points AND the
femoral %points all in the tibial body fixed system.
%This next step forms the opposite transformation matrix from the
%previous, in this case the reference array to the tibial body
fixed coordinate system. %This enables us to get all the
baseplate interface points in the %tibial body fixed system. To
get the correct translation vector the %tibial origin must first
be transformed and then multiplied by -1.
T_tibia_1 = [A, B, C; D, E, F; G, H, I];
translation_t = T_tibia_1*tibia_origin*(-1);
T_tibia_2 =
[A,B,C,translation_t(1,1);D,E,F,translation_t(2,1);G,H,I,translat
ion_t(3,1);0,0,0,1];
%Now the tibial points in the reference system are transformed to
the %body fixed system, with the intercondylar eminence as the
origin.
post_med_1 =
T_tibia_2*[tibia_5(1,1);tibia_5(1,2);tibia_5(1,3);1];
ant_med_1 = T_tibia_2*[tibia_6(1,1);tibia_6(1,2);tibia_6(1,3);1];
ant_lat_1 = T_tibia_2*[tibia_7(1,1);tibia_7(1,2);tibia_7(1,3);1];
post_lat_1 =
T_tibia_2*[tibia_8(1,1);tibia_8(1,2);tibia_8(1,3);1];
med_lock_1 =
T_tibia_2*[tibia_9(1,1);tibia_9(1,2);tibia_9(1,3);1];
lat_lock_1 =
T_tibia_2*[tibia_10(1,1);tibia_10(1,2);tibia_10(1,3);1];
disp('Press any key to continue')
pause
disp('Now enter the femoral points as prompted')
disp('Remember to enter in [x,y,z] format')
disp('Press any key to continue')
pause
%Now the femoral points are entered. These points are in the
femoral
%reference array coordinate system. The intercondylar notch is
defined %as the origin in the femoral body fixed coordinate
system.
femur_1 = input('Intercondylar notch:
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');

femur_2 = input('Center of femoral head: ');
femur_3 = input('Most posterior point on medial condyle: ');
femur_4 = input('Most posterior point on lateral condyle: ');
%The following points were taken on the femur to help provide the
motion of the femur with respect to the tibia.
femur_5 = input('Lateral epicondyle: ');
femur_6 = input('Medial epicondyle: ');
femur_7 = input('Postero-medial distal femur: ');
femur_8 = input('Antero-medial distal femur: ');
femur_9 = input('Antero-lateral distal femur: ');
femur_10 = input('Postero-lateral distal femur: ');
femur_origin = [femur_1(1,1);femur_1(1,2);femur_1(1,3)];
%Now the femoral body
the %tibial, but with
Suntay. The z axis is
femoral origin to the

fixed axes are defined in the same way as
the femoral points following Grood and
first defined as the vector from the
center of the femoral head.

femur_z = femur_2 - femur_1;
%The fake_femur_x axis follows the same rule as fake_tibia_x from
above
%depending on which side knee.
fake_femur_x = femur_4 - femur_3;
femur_y = cross(femur_z, fake_femur_x);
mag_femur_z =
sqrt((femur_z(1,1)^2)+(femur_z(1,2)^2)+(femur_z(1,3)^2));
unit_femur_z = (femur_z)/(mag_femur_z);
mag_femur_y =
sqrt((femur_y(1,1)^2)+(femur_y(1,2)^2)+(femur_y(1,3)^2));
unit_femur_y = (femur_y)/(mag_femur_y);
unit_femur_x = cross(unit_femur_y, unit_femur_z);
%The same unit vectors for the reference array are used again,
because %in the point digitization procedure there is one
reference array that %is used, but changed between the femur and
tibia to collect their %respective points.

J
K
L
M
N
O
P
Q

=
=
=
=
=
=
=
=

dot(unit_t_array_x,
dot(unit_t_array_y,
dot(unit_t_array_z,
dot(unit_t_array_x,
dot(unit_t_array_y,
dot(unit_t_array_z,
dot(unit_t_array_x,
dot(unit_t_array_y,

unit_femur_x);
unit_femur_x);
unit_femur_x);
unit_femur_y);
unit_femur_y);
unit_femur_y);
unit_femur_z);
unit_femur_z);
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R = dot(unit_t_array_z, unit_femur_z);
%In the next step we want to get the transformation matrix from
the %femoral reference array to the femoral body fixed. The
translation %vector in the matrix is calculated by multiplying
the femoral origin %by the rotation matrix and -1. This gives us
the correct transformation matrix:
T_femur_1 = [J,K,L;M,N,O;P,Q,R] ;
translation_f = T_femur_1*femur_origin*-1;
T_femur = [J, K, L, translation_f(1,1); M, N, O,
translation_f(2,1); P, Q, R, translation_f(3,1); 0,0,0,1];
%Next the femoral points that we are tracking need to be
multiplied by %the transformation matrix. We already have the
fixed tibial points in %the tibial body fixed coordinate system.
We also want these femoral %points in the tibial body fixed
system, so the first step is to get %them in the femoral body
fixed system. They will later be transformed %to the tibial body
fixed system when that transformation matrix is calculated.
epi_lat = T_femur*[femur_5(1,1);femur_5(1,2);femur_5(1,3);1];
epi_med = T_femur*[femur_6(1,1);femur_6(1,2);femur_6(1,3);1];
fem_post_med =
T_femur*[femur_7(1,1);femur_7(1,2);femur_7(1,3);1];
fem_ant_med = T_femur*[femur_8(1,1);femur_8(1,2);femur_8(1,3);1];
fem_ant_lat = T_femur*[femur_9(1,1);femur_9(1,2);femur_9(1,3);1];
fem_post_lat =
T_femur*[femur_10(1,1);femur_10(1,2);femur_10(1,3);1];
disp('Transformation matrix for femur is:')
disp(T_femur)
disp('Press any key to continue')
pause

%These are the starting values of the for loop which will
generate the %knee kinematics. The Excel file consists of
sequential 10x4 blocks of %data. The first 3x4 matrix in each
block is the transformation matrix %between the tibial and
femoral marker arrays during a the %flexion/extension cycle.
s = size(data);
y = 1;
s1 = s(1,1);
z = 1;

for x = 1:10:s1-3
%The navigation software outputs the transformation from the
tibial
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%array to the femoral array. For the correct order of
multiplication,
%we need the opposite. S_1 is the inverted rotation matrix
from each
%block.
S_1(y,:) = [data(x,1),data(x+1,1),data(x+2,1)];
S_1(y+1,:) = [data(x,2),data(x+1,2),data(x+2,2)];
S_1(y+2,:) = [data(x,3),data(x+1,3),data(x+2,3)];
%This rotation matrix is then multiplied by the translation
vector for
%each block and -1. This gives the translation vector from
the femoral
%array to the tibial array.
S_2 = S_1*[data(x,4);data(x+1,4);data(x+2,4)]*-1;
%The rotation and translation matrices are combined to form a
%transformation matrix between the two marker arrays.
S(y,:) =
S(y+1,:)
S(y+2,:)
S(y+3,:)

[data(x,1),data(x+1,1),data(x+2,1),S_2(1,1)];
= [data(x,2),data(x+1,2),data(x+2,2),S_2(2,1)];
= [data(x,3),data(x+1,3),data(x+2,3),S_2(3,1)];
= [0 0 0 1];

%The correct order of matrix multiplication is carried out to
produce
%the transformation matrix between the tibial and femoral
body fixed
%coordinate systems. Matrix U takes a point in the tibial
body fixed
%system and transforms it to the femoral body fixed system.
This is the
%correct direction of transformation needed to use Grood and
Suntay's
%kinematic description.
U = T_femur*S*T_tibia;
%We also need the opposite matrix in order to transform
points from the
%femoral coordinate system to the tibial. We have all of the
points on
%the femur that need to be output in the tibial fixed system
to compare
%their motion to the tibial baseplate.
%The first step is to get the translation vector by
multiplying the
%current translation vector by the inverse rotation matrix
and -1.
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trans_epi =
[U(1,1),U(2,1),U(3,1);U(1,2),U(2,2),U(3,2);U(1,3),U(2,3),U(3,3)]*
[U(1,4);U(2,4);U(3,4)]*-1;
%Now the transformation matrix can be formed with the
inversted
%rotation matrix and the new translation vector. This matrix
will
%convert a point from the femoral body fixed to tibial body
fixed
%systems.
U_1 =
[U(1,1),U(2,1),U(3,1),trans_epi(1,1);U(1,2),U(2,2),U(3,2),trans_e
pi(2,1);U(1,3),U(2,3),U(3,3),trans_epi(3,1);0,0,0,1];
%The femoral points are then multiplied by the transformation
matrix to
%get their coordinates in the tibial fixed system.
lat_epi_1 = U_1*epi_lat;
med_epi_1 = U_1*epi_med;
fem_post_med_1 = U_1*fem_post_med;
fem_ant_med_1 = U_1*fem_ant_med;
fem_ant_lat_1 = U_1*fem_ant_lat;
fem_post_lat_1 = U_1*fem_post_lat;
%A matrix is formed of the x,y,z coordinates of the femoral
poitns in the tibial fixed system
%for every time point.
lat_epi(z,:) =
[lat_epi_1(1,1),lat_epi_1(2,1),lat_epi_1(3,1)]*1000;
med_epi(z,:) =
[med_epi_1(1,1),med_epi_1(2,1),med_epi_1(3,1)]*1000;
fem_post_med_2(z,:) =
[fem_post_med_1(1,1),fem_post_med_1(2,1),fem_post_med_1(3,1)]*100
0;
fem_ant_med_2(z,:) =
[fem_ant_med_1(1,1),fem_ant_med_1(2,1),fem_ant_med_1(3,1)]*1000;
fem_ant_lat_2(z,:) =
[fem_ant_lat_1(1,1),fem_ant_lat_1(2,1),fem_ant_lat_1(3,1)]*1000;
fem_post_lat_2(z,:) =
[fem_post_lat_1(1,1),fem_post_lat_1(2,1),fem_post_lat_1(3,1)]*100
0;
%The knee kinematics are calculated following the method from
Grood and
%Suntay. Matrices V and Y are the rotations and translations,
%respectively. Matrix V has three columns: varus/valgus
angle, flexion
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%angle, and rotational angle. Matrix Y has three columns:
%medial/lateral translation, anterior/posterior translation,
and
%proximal/distal translation.
V_1(z,:) = [(acos(U(1,3))-(pi/2)), (atan(U(2,3)/U(3,3))),
(atan(U(1,2)/U(1,1)))];
V = V_1*(180/pi);
Y(z,:) = [U(1,4), (U(2,4)*(cos(atan(U(2,3)/U(3,3)))))(U(3,4)*(sin(atan(U(2,3)/U(3,3))))), ((U(1,3)*U(1,4))+(U(2,3)*U(2,4))+(U(3,3)*U(3,4)))]*1000;
z = z + 1;
%The for loop has now calculated all of the translations,
rotations,
%and positions of the femoral points for one time step. The
loop now
%starts over and continues until the end of the Excel file.
%The program now takes the flexion angle and anterior/posterior
translation and performs the post-processing requirements.
p = length(V(:,2)) %length of the vector containing
flexion angle
flexion_angle = V(:,2); %gathers flexion angle (deg) from
the matrix V
ap_translation = Y(:,2); %gathers AP Translation (mm) from
the matrix Y
true_flexion = zeros(p); %preallocation of corrected
flexion angle
true_ap = zeros(p); %preallocation of corrected AP
Translation
for k = 1:p %establish length of for loop
if flexion_angle(k) < -30 %if statement which includes
any flexion angle < -30deg, which includes anything >90 and
up to 150deg (the limits of the machine)
true_flexion(k) = 180 + flexion_angle(k); %corrects
the flexion
true_ap(k) = ap_translation(k); %corrects the ap
translation
else
true_flexion(k) = flexion_angle(k); %leaves the
flexion alone if not inverted
true_ap(k) = -ap_translation(k); %leaves AP
translation alone if not inverted
end
end
ap_only = true_ap(:,1); %pulls out AP Translation (mm)
flex_only = true_flexion(:,1); %pulls out Flexion (deg)
end
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%The user can now copy and paste the various matrices into Excel
in order
%to make graphs and comparisons.
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APPENDIX D
COMPARISON OF KNEE MACHINE AND NAVIGATION OUPTUT
The knee machine and navigation outputs show very similar tendencies. Since the knee
machine was calibrated to a known standard, it can be assumed that the values output
from it are correct. The discrepancies shown in the navigation output are believed to be
the result of point acquisition error. The slightest error in point acquisition can cause all
axes to be rotated from the normal. This can result in offsets or rotations in the output of
knee kinematics.
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Figure D-1. Comparison of knee machine and navigation system outputs for
internal/external rotation without the patellar tendon. In the legend KM is the knee
machine and Nav is navigation.
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Figure D-2. Comparison of knee machine and navigation system outputs for
internal/external rotation with the patellar tendon. In the legend KM is the knee
machine and Nav is navigation.
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Figure D-3. Comparison of knee machine and navigation system outputs for
varus/valgus angle without the patellar tendon. In the legend KM is the knee
machine and Nav is navigation.
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Figure D-4. Comparison of knee machine and navigation system outputs for
varus/valgus angle with the patellar tendon. In the legend KM is the knee machine
and Nav is navigation.
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